An Integrated Science Instrument
Module

For the
Next Generation Space Telescope




An Integrated Science Instrument
Module

For the
Next Generation Space Telescope

A study conducted by

The University of Arizona,
Ames Research Center, &
Lockheed Martin Corporation
For
NASA Goddard Space Flight Center

Authors:

K. Ennico
J. Bechtold (co-PI), T. Greene (co-PI)
J. Burge, L. Lesyna, M. Menzel, L. Naes, T. Nast
6. Rieke, M. Rieke, R. Sarlot, R. Thompson, J.
Uphoff

Edited by G. Rieke
August 26, 1999



Exeautive Summary

This gudy has two goals: 1) to explore spedfic trade isaues in sufficient depth both to
support development of our 1SIM concept and to bring them to the dtention of the NGST
projed and, 2) to develop a mmprehensive integrated science instrument module from an
independent viewpoint to allow comparison with the GSFC yardstick.

In 81 we list the science goals for NGST and show how they are best supported by
extending the wavelength range of the instruments from 0.4pum to 35um. We dso discuss
spedfic trades that guided the achitecdure of our proposed ISIM. 82 shows that
development of Si:P BIB detedors will enable high performance to 35um without plaang
additional requirements on the ISIM. It aso shows the potential advantages of using
HgCdTe arays in the nea infrared and slicon PIN diode arays in the visble. There ae
two important conclusions in 83 on coolers: 1) the vibration inherent in linea cooler
compressors (e.g., for pulse tube @oalers) can be managed so that such devices will not
compromise the telescope pointing, and 2) a solid hydrogen cooler of adequate cgadty is
easlly compatible with the other constraints of the ISIM. In 84, we discuss multi-objed
spedroscopy. First, we show that an imaging Fourier Transform Spedrometer (IFTS) has
little or no inherent advantage for nea infrared spedral mapping of the sky at low spedral
resolution (R<300), compared with an optimized dspersive spedrometer (DS). The
dispersive spedrometer is far superior in single source spedroscopy and hence would
provide superior capabili ties overall. Second, we derive @nstraints on the performance of
ditlets for a multi-objea DS. In the nea infrared, the dlitlets must rejed off-slit radiation
at alevel of 100Q1 or greder to prevent contamination of source spedra by spedra of
neaby objeds. For wavelengths longer than 5um, the required regedion becomes greaer
because of the increase of badkground flux aaossthe spedral range of the DS. In 85, we
show that speeading upthe NGST Cassegrain f/ratio from /24 to f/12-f/16 would probably
allow animproved ISIM.

In 86, we propose aspedfic ISIM. Our philosophy is to creae an instrument padkage
composed of multiple, smple sub-modules. To the greaest extent possble, we limit the
number of observing modes and cgpabilities of ead sub-module to optimize scientific
performance, and at the same time, minimize @mplexity, cost and risk. 87 and 88 dscuss
the advantages of the modularity we have proposed for the ISIM and the readinessof the
key technicd items in the design, both of which are important boundary conditions for
estimating the @st. We estimate the ast of our ISIM in §9.

The mnclusions from this gudy are summarized in 810. The scientific cgpabilities of our
ISIM are significantly greaer than those of the yardstick, particularly in providing
extended wavelength coverage down to 0.4pm and out to 35um and improved
spedroscopy in the mid and longwave infrared. In addition, our ISIM could complete the
NGST Design Reference Misson in only 2/3 the time required by the yardstick. With
suitable optimization of the telescope & well as of the instruments, the st of our
proposed ISIM is smilar to the estimated cost of the yardstick. We believe that adoption
of the oncepts developed in this gudy can therefore substantially improve the
performance of NGST.
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1.0 1SIM defining science programs
This sdion addresses the scientific motivations for the NGST integrated science
instrument module (ISIM).

1.1 Prioritized list of NGST sciencegods

The Ad-Hoc Science Working Group (ASWG) was formed by the NGST projed to
explore the range of science that could be atieved with NGST. A set of sample projeds,
the Design Reference Misson (DRM), has been developed to test the capabilities of
NGST against probable adual observing programs. Some of these programs grew out of
the science goals in “HST and Beyond” (the Dresder report) while others are newly
proposed by the ASWG. The ASWG identified five science themes for NGST:

I. Cosmology and Structure of the Universe
II. Origin and Evolution of Galaxies

lII. History of the Milky Way and its Neighbors
IV. Birth and Formation of Stars

V. Origin and Evolution of Planetary Systems

All of the DRM programs addressat least one of these themes. These programs expand on
the science outlined in the Dresder report and ill ustrate that NGST potentially can impad
much of modern astronomy. Of course, the potential for unanticipated dscoveries cannot
be included explicitly but provides additional excitement given the advance in cagpabilities
that NGST would make possble.

The DRM isintended to be ill ustrative of how much could be acomplished in the first 2.5
yeas of NGST observing, with the remainder of the time spent on general observer
programs. However, in designing NGST it must be borne in mind that the DRM may not
adually be what the telescope does nor is it necessarily the only set of observations that
would be done in the ealy part of the misson. The launch of NGST is aufficiently far in
the future and significant advances will have occurred beyond our current understanding
of the Universe, for example through both Chandra axd SIRTF. The NGST science
program must be kept flexible to addressthe new science goals that will emerge.

1.1.1 Core DRM

Because the full DRM covers a broad range of topics, the ASWG classfied the DRM into
threebroad categories during its 1999June 4 Chicago meeing. Proposals were deamed to
be ather: 1) core (meaning esential to misson succesy, 2) highly desrable, or 3)
programs which were scientificaly compelling but which should not drive the design of
the telescope and instruments. Categories 2 and 3 were not fully satisticdly
distinguishable. The following proposals constitute the cre science misson for NGST:

1. The Formation and Evolution of Galaxies I: the Deegy Imaging Survey (Lilly et al.)
(Theme lI)

2. The Formation and Evolution of Galaxies Il: the Degy Spedroscopic Survey (Lilly et
al.) (Themell)



3. Mapping the Dark Matter Distribution at High Redshift with NGST (Schreider et al.)
(Themel)

4. Probing the Intergaladic Medium out to the Reionizaion Epoch (Jakobsen et al.)
(Themel)

5. Measuring Cosmologicd Parameters with High-Z Supernovae (Kirshner & Madau)
(Themel)

6. The Formation and Evolution of Galaxies V: Obscured Star Formation at High
Redshifts (Rieke @ a.) (Theme Il)

7. The Physics of Star Formation: Understanding the Y oungest Protostars (Greene ¢ al.)
(Theme V)

1.1.2 Additional high priority DRM

At this meding the ASWG determined that a number of other science programs were dso
scientificaly compelling and should be considered but not overly drive the design of
NGST. These programs include:

8. The Age of the Oldest Stars from the Faint End Slope of the White Dwarf LF in
Globular Clusters (Rich et a.) (Theme lIl)

9. Detedion and Charaderizaion of Jovian Planets and Brown Dwarfs in the Solar
Neighborhood (Trauger et a.)(Theme V)

10. Evolution of Circumstellar Disks Around Young Stars. The Seach for Gas and
Remnant Dust (Meyer et a.) (Theme V)

11. The Evolution of the Cosmic Supernova Rates (Madau et a.) (Theme II)

12 The Origins of sub-stellar Mass Objeds: Probing Brown Dwarfs and Extra-Solar
Planetsin Star Forming Regions (Meyer) (Themes |V and V)

13. The Formation and Evolution of Galaxies Il : Cluster Galaxies (Lilly et a.) (Theme II)

The remainder of the DRM proposals were determined to be scientificaly compelling but
should not influence the design of NGST. These proposals are

14. Observing the IR Transients of Gamma-Ray Bursts and their Host Galaxies (Stockman
et a.) (Themel)

15. Microlensing in the Virgo Cluster and the Role of Baryonic Dark Matter in the
Universe (Rix) (Themel)

16. The Formation and Evolution of Galaxies 1V: The Relation between Galaxy Evolution
and AGN (Lilly et a.) (Theme I)

17. A Complete Initial Mass Function for Old Stellar Populations (Rich and Margon)
(Theme III)

18. The Ages and Chemistry of the Oldest Stellar Halo Populations (Rich and Margon)
(Theme lII)

19. A Study of Coal, Field Brown Dwarf Neighbors (Liebert et a.) (Theme lII)

20. Dynamics and Evolution of the Interstellar Medium: Cosmic Recgycling (Bally et al.)
(Theme V)

21. A Survey of the Trans-Neptunian Region (Nicholson and Gladman) (Theme V)



22. Measuring the Physicd Properties of Kuiper Belt Objeds (Rieke and Nicholson)
(Theme V)

23. Explorations in Astrobiology: Evolution of Organic Matter from the ISM to Planetary
Systems (Greene @ al.) (ThemelV and V)

This classfication was arrived at by a subset of the ASWG and does not refled how
interconneded some of these proposals are. For example, the study of circumstellar disks
in “The Physics of Star Formation: Understanding the Youngest Protostars’ and in
“Evolution of Circumstellar Disks Around Y oung Stars: The Seach for Gas and Remnant
Dust” are dosely conreded to the study of the Solar System’s disk proposed in “A
Survey of the Trans-Neptunian Region.”

1.1.3 Non-DRM (7.5/ 10 years)

Because the scientific planning for NGST cannot yet refled what will be discovered by
either Chandra or SIRTF, or in other ways, many uses of NGST cannot be anticipated
now. NGST will present such an increase in capabilities over previous missons and
fadlities operating in the 0.6 to 30um region that most of the return from NGST will
come from areas not covered by the DRM. A guest observer program similar in scope to
those exeauted from HST, Chandra, and SIRTF should be assumed.

1.21SIM sciencegods
Table 1.2-1 lists the cre DRM programs and their required instrument capabili ties:

DRM Program Major Required Instrument Comments
Capabilities
1. Degp Galaxy Imaging Wide Field NIR Imaging (1/2) 112 dayswith 4' x4’ FOV
Wide Field visand 1Qum imaging (1/2)
2. Degp Galaxy R=100 100Q multi-objea and 08 chys
Spedroscopy R>3000long dlit at A=3.5um 20 chys
R=5000at A=10um
3. Dark Matter \Wide Field NIR Imaging 192 dysfor 4' x4’
4. Probing the IGM R=100NIR spedroscopy 10 days
5. High z Supernovae ~ \WF NIR Imaging some sped; 1 week follow-up
6. High z Obscured A=8-36 um Wide Field Imaging 54 chys/ at least 2'x2" FOV
Galaxies R=300Multi-objed MIR spedroscopy |10 days
7. Physics of Protostars  A=15-35um Imaging 70 days, sSngle objed]
R>3000spedroscopy A=6-30um observations

Table 1.2-1 Core DRM programs and their major r equired instrument capabilities.

Programs 1, 5, 6, and 7 al require diffradion-limited imaging with well-sampled PSFs.
Note that some of these programs will use the same datasets for different goals. For
example, the imaging for Program 1 can be the same & for Program 5 if exeauted with
corred time spaang, and much of the survey for Program 2 can also be the same & for
Program 1.



Following the lead of the ASWG, we weigh the observing requirements of these wre
DRM program programs most heavily. The seaond group of DRM programs (numbers 8-
13 in 81.1.2) placethe following extra requirements beyond those imposed by the are
programs as simmarized in Table 1.2-2.

DRM Program Major Required Instrument Comments
Capabilities
8. The Age of the Oldest Opticd imaging, suppresson of
Stars Diffradion spikes
9. Detedion and Nea-IR coronagraph

Charaderizaion of Jovian
Planets and Brown Dwarfs

10. Evolution of R~30000spedroscopy from 4.5-12um

Circumstellar Disks

11. Measuring the Rates of Requires

Supernovae reassonably rapid
followup
cgpability

12. Origins of Substellar NIR imaging

MassObjeds

13. Form. & Evol. of Multiplexed nea-IR spedroscopy at

Galaxies: Clusters R~1000and R~5000

Table 1.2-2 Major required instrument capabilities for additional high priority
DRM programs.

Again, many of the proposals in this category need dffradion-limited imaging over the
entire 2-30um range (espedally Programs 9 and 12).

The only additional requirements imposed by the third category of proposals are the need
for imaging at V with as good a PSF as possble including suppresson of diffradion spikes
(Program 18) and R~30000to 1000000ver 1-30um for Program 20. Program 20 would
also require al0 x10 imaging field of view (FOV) and enhanced data downlink rates to
support alarge aeasurvey.

Finally, we eped non-DRM programs to require more high spatial resolution
observations of individual objeds than identified in the DRM. They will aso probably
place greder emphasis on the single-source capabilities of the ISIM than will the large
surveys in the DRM. We as3gn lower weight to the requirements of these programs than
to those of the core DRM.

We now discuss in more detail the rationales for the dioices of observing modes and
opticd parameters for which have driven our ISIM concept.




1.2.1 Imaging trades

By dividing the instrument into a number of modules, and generally limiting the spedral
range of eath module compared to the yardstick ISIM design, we can provide pixel scdes
that sample the NGST Airy disk more optimally than in the yardstick. A separate mosaic
of arrays has been dedicaed to large aeasurveys, rather than having a single pixel scde &
eat wavelength try to serve the conflicting puposes of high angular resolution and large
ared coverage. Theissuesin this compromise ae discussed in the following sedion.

1.2.1.1 Field of view vs. PSF sampling

Sampling of the point spread function (PSF) aways involves a cmpromise between 1)
obtaining a large field of view, and hence tending to undersample and, 2) trying to
preserve dl the spatial frequencies delivered by the telescope to get the highest possble
angular resolution, and hence sampling at least at the Nyquist frequency (i.e., pixels of size
A/2D or smdller). In our ISIM study, we have shown the posshilities for both approades,
although it seams likely that more difficult choices would be required for a red instrument
design. Further discusson of the design can be found in 86.1.

In designs that require adeformable mirror (DM), the well-correded FOV is limited by a
seoond order coupling between the DM and field. Assuming an ided system, with 8-m
aperture and 92 mm DM, the DM magnification is 0.0115 At a 5 arcmin field, the cosine
effed is 1-cos(.083/0.0115 = 0.008, so if the primary mirror has errors of 5 pm rms,
correded on axis by the DM, images at 5 arc min will seemirror errors of 0.04 um rms, or
wavefront errors of 0.08 um rms. That is, the system will be diffradion limited only to
about 1.1um even if there ae no ather error terms, and redisticaly the system would not
be diffraction limited short of 2um. This behavior scaes with (field)? times (mirror error).

A very large field of view can be provided by the telescope if al the wavefront corredion
is achieved with the primary (and/or seandary) mirror, so there is no requirement for a
DM (85.1). Inthis case, asignificant portion of the focd plane can be occupied dredly by
amosaic of detedor arrays. One or more mosaics of detedor arrays can achieve wide field
imaging over fields of up to ~6x8 arcmin (in our design). In a dired mode such as for this
wide field option, the projeded pixel scde is determined puely by the Cassegrain f/ratio
of the telescope (and primary diameter) and the pixel size of the aray. With an 8-m
telescope & /24, the scde is about 1.1 marcsedum, and the image diameter (diffradion
limited at 2um) will be @out 50 marcsec so reasonable pixel scdes can be adieved with
avalable arays that have pixels in the 10-30um range. This dired mode is limited in
flexibility since it does not alow for insertion of grisms or other opticd elements into the
beam, and hence asteaable focd plane would be nealed to feed other cameras with these
fedures.

Another advantage of a fully correded telescope is that it is possble to place aditional
optics nea the focd plane to form a pupl that is occupied by a steeing mirror that direds
the beam into different instrument modules. Because of the large wrreded field, good
imaging can be adieved over alarge range of steeing at the pupl. This pupl isthe logicd
placefor the DM in designs that require one. If the pupl is occupied by a DM, a much



more complex design is required to recver the large field offered by a well correded
telescope with a smple steeing mirror at the pupl (if it can be recovered at all). Thus, in
general DM-based designs will have difficulties padaging instruments and in sharing the
field of view.

The large field imaging is important for many of the high priority programs in the DRM,
including: 1) studies of week lensing to seach for dark matter, 2) supernova observations
to determine csmologicd constants, 3) imaging of ealy galaxies, 4) seaches for hidden
IR galaxies and AGNs, and 5 KBO seaches. Many of these surveys will produce
interesting objeds to be observed more extensively at the maximum angular resolution
achievable by NGST and also in more filter bands than can be provided in the large field,
survey imager. Examples include: 1) interesting we&k lensing galaxies, 2) morphology of
ealy galaxies, and 3) morphology of "hidden" IR galaxies with obscured AGNs and
starbursts. Other high priority DRM objedives requiring high resolution imaging are: 1)
morphology of protostars and their surrounding regions including forming dsks, 2) planet
seaches, and 3) debris disk evolution.

On basic principles, one expeds to have to sample & the Nyquist frequency to retain all
the information in a diffradion limited image, as would be desirable for these followup
studies and others. With larger pixels, some information can be recvered by dithering the
image on the aray. However, the high spatial frequencies lost by underpixelization cannot
be recovered in this way. In fad, smulations of resolution boosting image processng
show clealy that the ultimate resolution suffers unless the sampling is at or above the
Nyquist level (e.g., Bippert-Plymate & al. 1992. We have therefore included modules in
the instrument that projed the pixelsto A/2D or smaller scdes at the spedra midpoint of
the module cverage. These units provide dso for spedroscopy and multi-band filter
imaging. They can be complemented by wide field modules optimized for large field
surveying and for which Nyquist sampling is not a high priority.

The high resolution modules are required for maximum angular resolution where the
telescope is diffradion limited. At the wavelengths dort of the diffradion limit, the image
properties will depend on the spedfic nature of the wavefront delivered by the telescope.
In general, though, there will be asignificant component at the highest spatial frequencies
even with animage & awavelength afador of two or threeshort of the diffradion limited
one. Figure 1.2.1.1-1 isillustrative. A series of artificial images was generated by assuming
that the surface erors were distributed over the low order Zernike efficients, as siown
in the phase eror map. The wavefront error provides the diffradion limit at 2um.
However, the image retains a very sharp core & 1um.

The image dharaderistics of NGST short of its diffraction limited wavelength of 2um are
not known at this time. The shortest wavelength at which roughly Nyquist pixel scdes are
appropriate needs to be determined after more is understood about the imaging properties
of the opticd system.

10
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1.2.2 Spedroscopy trades

The DRM is lit roughly 50/'50 between spedroscopy and imaging. The top seven DRM
programs emphasize 1) multi-objed R=100 and 100Q and 5000 single objed NIR (1-5um)
spedroscopy, 2) multi-objed R=300 MIR (5-10um) spedroscopy, and 3) single objed R>3000
6-30um spedroscopy. We have responded to these driversin our 1SIM concept.

Because no DRM program cdls for opticd spedroscopy, we only address 1-35um spedroscopy
inthis edion.

1.2.2.1 Detedor performance

To determine the dfed of instrument resolution versus detedion limits, we modeled the expeded
NGST telescope, sky, and instrument badgrounds and computed instrument sensitivities. Details
of the components of this model, including assumptions about detedor parameters and instrument
losses, are given in 8121. The model is for the MIR compatible achitedure, with a 40K
telescope primary (€=0.05) and a 93K sunshade (effedive e=1e-4). The modeled telescope is
zodiacd light limited for A<12um for imaging and low resolution (R=100 spedroscopy. At
longer wavelengths, the telescope & sunshade thermal bad<grounds dominate.

We onsidered detedor performance on the basis of the wsmic ray density nea solar minimum, 4
cm? s*. Asauming that a typicd hit affeds four pixels, and that the NIR pixels are 18um on a
side, we cncluded that the maximum useful on-chip integration time was 3000s. Larger pixels
will | ead to shorter maximum integration times. For example, with 30um pixels the maximum is
about 1000 seconds. Thus, arrays with smilar nominal spedfications (read noise, dark current,
guantum efficiency) may lead to significantly different performance in read-noise-limited
observations because of pixel size In general, the smallest pixels are strongly favored for these
applicaions.

With the 3000 second maximum, and assuming a dispersive spedrometer with A/2D pixels,
NGST will be detedor (dark current + read noise) limited for R=300 in the NIR (1-5um), even
with good detedors, having dark current 0.02e/s and read noise 5e. At this level, the dark current
is as Frious a limitation as read noise for sky badkground limited observations. In the short MIR
(5-8um), asmilar situation holds if the detedors have dark current 1e/s and read noise 15e.

Thus al proposed moderate and high resolution spedroscopy for NGST a A < 10um is
potentially limited by detecor performance and further investments in reducing dark current and
read noise would yield significant dividends. For example, improving the NIR detedor parameters
to 0.01e/s dark current with 1.5e dfedive real noise will deaease the observing time for a 100,
10,0005 (te=10005) badkground limited point source detedion at 1um by fadors of 1.8-2.5, for
R=100-300Q respedively.

It also follows at these wavelengths that the lower the resolution required to med the science

objedives, the better, for it minimizes the detedor noise in the @ntinuum. R=100 appeas to be
adequate for the majority of the proposed programs. Moderate resolutions R=300-500, will come
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at a penalty in signa-to-noise unlessthe detedors are improved from the 14 = 0.02 /s and rea
noise =5ermslevel.

For wavelengths 8-12um, the resolution at which the observatory bemmes detedor limited
increases to R~100Q until the thermal badground from the sunshade and primary telescope begin
to dominate & longer wavelengths. At these long wavelengths, already achieved dark currents and
read noises more than sufficefor NGST to be photon noise limited. Additionally, rebinning at high
resolution in this photon limited regime recvers the SNR (sensitivity) of low resolution spedra
Therefore, no additional low resolution grisms are required if along wavelength module possesses
high resolution observing modes.

1.2.2.2 Spedrometer implementation

For reasons discused in 84.1, we asume that the spedrometer implementation will utilize
dispersive dements. In a spaceflight instrument, where complexity must be kept to a minimum, it
is attradive to use grisms mounted on a canera filter whed to add a spedroscopic cgpability,
usually with a dit that can be placed at the telescope focd plane nea the entrance to the
instrument. Where the free spedral range is snaller than the width of the aray and grisms are
relatively easy to make with modest angle prisms, we prefer this approach. We will also show
advantages from using crossdispersed grisms for high resolution spedroscopy.

For the higher resolution programs, R=300Q various problems emerge with grism systems. For
example, increasing the resolution from R=3000to R=50000ver the 1-5um region, will require 8
grisms of very high index material (n>2.4) to cover the atire region, compared to 2-3, as
proposed in our strawman ISIM (86.1). For KRS-5 (n(1-5um)=2.4), the prisms required to match
R=500Q will betoo steg, so higher index material such as slicon (n=3.4) or germanium (n=3.9)
will be required (or the designs would have to grow to alow for larger collimated beams). These
materials are more difficult to rule than KRS-5, although it may be possble to madine them with
asymmetric eches. 8125 gves more information about grism restrictions.

Thus, for high resolution (R>3000 studies, the instrument design beames rapidly more
complex, either requiring very high index grisms with steg angles, larger pupls, or a switch to a
refledive grating type spedrometer. Higher resolution will also require that the instrument either
be increased in sizeto alow for the larger detedor areafor the full spedrum, or for the inclusion
of crossdispersing elements. We have therefore avoided these high spedral resolutions wherever
possble to smplify the instrument and minimize st. In particular, the very high resolution case
R>10,000 cesired for some of the second tier DRM programs was not considered becaise of their
lower priority and the degreeto which satisfying this goal drove the instrument designs.
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1.2.2.3 Spedral resolution vs. spedral range

The free spedral response of a grism/grating based spedrometer will be the ultimate limiting
fador in wavelength coverage, except in the cae & the highest resolution where the detedor size
forms the limit. At the lowest order (m=1), the largest wavelength coverage is one octave.
Grismg/gratings operating at higher orders will have smaller spedral coverage. Therefore, several
grismg/gratings will be required to cover the spedra range. This point is illustrated by Figure
1.2.2.3-1, which shows the number of first order grisms it would take to cover the 1-5um range
for a series of resolutions. Two detedor sizes, 1024x1024and 20482048 pxels are compared.

Number of grisms to cover 1-5um
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Figure 1.2.2.3-1 Number of grisms required to cover the entire 1-5um range working in
first order, where the maximum spedral coverage is one octave.

Sincethe faint galaxy DRM program asks for R=100100Q and ~300Q its objedives can be met
with asingle 2048x2048 attedor over the 1-5um region for an acceptable number of grisms. NIR
instruments composed of mosaics of 1024x1024 avices will suffer from gaps in recorded spedra
for the desired highest resolutions. When operated in multi-objed mode, when objeds will be
scatered acossthe FOV, the full FOV cannot be used without losing parts of spedra

1.2.2.4 Multi vs. single objed spedroscopy

Regimes for single slit and multi-objed spedroscopy is illustrated by Figure 1.2.2.4-1. Single
objed long dit spedroscopy will be the preferred choice for: 1) spedroscopy of unclustered
extended objeds, 2) spedroscopy of unclustered isolated objeds, and 3) high resolution
spedroscopy of objeds requiring a large spedral coverage. For the last of these options, designs
move toward image dlicers (maximum acairacy) and cross dispersed edielles (maximum
wavelength coverage).
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Figure 1.2.2.4-1 Slit spedroscopy regimes. The most challenging case will occur when there
areroughly as many dits as objeds and the objedsfill the dit field of view (central box). N
is the number of sources in the field of view, or the number of dits provided by the
instrument. A isthetypical area of a sourceon the sky, or the area of a dit.

Several key science programs for NGST will require spedroscopy of many objeds, relatively
close onthe sky. Asindicated in Table 1.2-1, these programs are concentrated in the NIR, and we
believe the gplication for this type of observation may be underestimated in the DRM. The
instrument design response to these programs is large field of view detedors with multi-objed
spedroscopic (MOS) cgpabilities. A ditless pedrometer, as currently used on the NICMOS HST
instrument, will have asignificant noise penalty at R<10,000 compared to multi-dit schemes, and
therefore is not included in our 1SIM concept.

Since several MOS schemes, both medhanicd configurations for dispersive spedrographs and the
IFTS, are being investigated by other study groups, we have not focused on the details of these
different approadhes. However, in 84 we aldressimportant performance trades for these MOS
approades.

Over the 5-35um range, where the NGST badkground is increasing rapidly, the tedhnicd
requirements to provide multi-objed spedroscopy beame more difficult (see 84.3). In addition,
the DRM does not depend strongly on this capability. In general, the lower density of objeds on
the sky within the range of NGST spedroscopy tends to put requirements in the left third of
Figure 1.2.2.4-1, often in the upper left corner. With anticipated maximal detedor sizes of
1024x1024 pxels over this wavelength region, a pair of crossdispersed grating spedrometers
will best provide the desired spedral coverage. Details of the proposed modules are found in
86.1.6 and 861.8.
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1.2.3 Short wavelength extension

An 8 m spaceobservatory offers tremendous, order-of-magnitude improvements beyond HST in
sengitivity and spatial resolution for imaging at wavelengths less than 1 pum. Simulations have
shown that NGST is expeded to have agood PS- with a nea-diffradion-limited core in the 0.5 —
1 um range (seeFigure 1.2.1.1-1). Obtaining smilar performance using adaptive optics from the
ground is tedhnicdly daunting. In any case, groundbased AO is unlikely to yield a sufficiently
stable PSF for many investigations and will probably operate over only a limited FOV. Both
aluminum and overcoated slver are candidate mirror coating materials that have good refledion
from below 0.5 microns to the far-1R. High performance visible wavelength Si PIN diode detedor
arrays will be available in large formats (2k x 2k pixels) and have operating temperatures and
readout eledronics compatible with nea-IR arrays (see§2.1).

Thus it is technicdly feasible for NGST to have good performance a wavelengths below 1 pm.
HST will operate for only a wuple yeas after the NGST launch (until ~ 2010, so it is prudent to
equip NGST with visible light instruments. NGST will have large visible light performance
advantages over ground-based 810 m telescopes in the redms of wide field imaging and high
resolution / high contrast imaging where a stable PS- is required. We now summarize two
compelli ng scientific programs which would be enabled by these caabili ties.

1.2.3.1 The UV properties of the youngest objeds

One of the key science drivers for NGST is the seaching for and understanding the very first
generation of objeds, proto-galadic fragments (PGFs) and the first galaxies. Figure 1.2.3.1-1
shows a mmposite spedrum of a star-forming galaxy as a function of age, and identifies the
wavelengths of key spedral fedures. Initialy, the hot UV emitting stars and nebular emisson
dominate the observed spedral energy distribution (SED), but as the galaxy fades, the 40008
bresk bemes dronger and within 10" yeas red supergiants emerge and the SED shows a
prominent nea-infrared bump with strong CO absorption (Bruzual & Charlot, 1993. A mid- and
far-infrared excessdevelops as dust is produced and heaed in the ISM.
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Figure 1.2.3.1-1 Galaxy SED as a function of age. A is a Bruzual-Charlot model at t=3x10°
years (metallicity 0.004 solar, single burst) with no dust extinction and therefore no far-
infrared flux (Bruzual & Sharlot, 1993. B shows the same model at t=1x10" years with
A,=1 and far-infrared flux scaled to equal the energy absorbed at short wavelengths. The
Calzetti extinction law has been used (Calzetti et al. 1994. C is the same as B, but for
t=5x10" years. D isthe same for B, but for t=1.3x10° years. Flux scaleis arbitrary.

Thefirst task for a PGF survey is to estimate the redshift of the deteded objeds. Figure 1.2.3.1-1
shows that these young objeds will exhibit a dramatic “bre&k” at the Lyman limit over a range of
ages. This bre& is deteded via multi-band photometry. Since the Lyman limit (9124) falls sort
of 1um for z<10, imaging in the visible must complement longer wavelength observations.

In addition to searching for Lyman lregsin the 4 < z <10 redm, visible light imaging is required
to study the UV energy density of galaxiesin the 2 < z <5 range. Ground-based and HDF studies
suggest that the energy density of the universe readies a maximum in the rest frame wavelength
region nea 2000A, so wide field visible imaging with NGST will be required to investigate this
further. The high priority DRM proposal “The formation and evolution of galaxies I: The dee
imaging survey(s)” (Lilly et al.) also identifies the need for these observations.
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1.2.3.2 Theages of the oldest stars

Globular clusters are the oldest objeds in the Galaxy. The ayes of their stars sts a lower limit to
the aye of the universe, yielding an age estimate for the universe that is independent of
cosmologica observations and parameters. Globular cluster ages have been determined thus far
by main-sequence turnoff fitting, but this technique is ©mewhat impredse due to uncertainties in
hydrogen burning stellar models and metdllicity effeds. NGST will have the sensitivity, FOV,
resolution, and stable PSF required to observe white dwarfs in globular clusters, and this will
allow estimating their ages by comparison to white dwarf cooling curve models. Thus this
tedhnique will offer yet another rare independent method of dating the oldest stars and hence the
universe. This concept is developed further in DRM proposal 8, “The age of the oldest stars from
the faint end dope of the white dwarf LF in globular clusters’ by Rich et al.

1.2.4 Long wavelength extension

We have evadluated a number of approadies to extending the wavelength response of NGST
toward 4Qum. Based on advantages in operating temperature and manufadurability, we
recommend that the response be set by using Si:P BIB detedors, as discussed in more detail in
82.3.2. Here, we summarize the science some of benefits that can be atieved with these devices,
which will provide useful response to beyond 34um. In addition to the examples given below, the
long-wavelength extension will also be extremely useful in a variety of star formation studies.

1.2.4.1 “Hidden” IR galaxies

The complex of fine structure lines in the mid infrared is illustrated in the 1SO spedrum of the
Circinus Seyfert galaxy shown in Figure 1.2.4.1-1. They alow fundamental determination of
nebular properties in heavily obscured environments, such as ultraluminous infrared galaxies (e.g.,
Genzd et al. 1999, starburst galaxies (e.g., Roche & al. 1991) or compad HIl regions (e.g.,
Megeah et a. 1990. The ratio of [SIII] lines at 33.5 and 187um is very useful in studying the
densities in the interstellar medium. In addition, the [Nell], [Nelll], and [NeV] lines at 12.8, 15.6,
and 143um provide avirtualy extinction-freeprobe of the nature of the UV spedrum responsible
for ionizing the gas in a dusty source For example, they have been used with 1SO to probe
whether ultraluminous galaxies are excited by AGNs (Genzd et al. 1999. With Si:As, this st of
lines can be studied to z ~ 0.8. Since galaxy luminosity evolution proceels at least as fast as
(1+2)%, and AGN evolution as ~(1+2)*, the ability with Si:P to study these linesto z ~ 1.2 extends
our exploration to 2 — 5 times greaer luminosities (assuuming pure luminosity evolution). Si:P
arrays will therefore give accss to a dignificantly more interesting phase of evolution for
starbursts and the nuclea adivity in galaxies than is accessble with Si:As.
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Figure 1.2.4.1-1 1 SO-SWS spedrum of the Circinus Seyfert galaxy, showing the prominent
mid infrared fine structurelines. The[SlI ] line at 33.5um and [SII ] at 34.86um arejust in
range for Si:P. There are no additional significant fine structure lines before 50um, except
for aweak [Nelll ] lineat 36um.

1.2.4.2 Mineralogy d planetary debrisdisks

An interesting dscovery in the ISO spedroscopy of planetary debris disks is the series of
mineralogicd emisson feaures extending to 34um. The bands at the longest wavelength end of
this range ae important because their relative strengths can distinguish different forms of
crystalline slicaes in the debris disk grains. For example, olivines have a pe&k nea 34um,
whereas pyroxenes have one nea 33um; SO data show sources with either or both pe&s and
find variations in the shape of the band from source to source (Waters 1998. Another potentialy
criticd advantage isthat the stellar photosphere is relatively faint at the long wavelengths, giving a
favorable mntrast ratio of disk to stellar emisson. These points are ill ustrated in Figure 1.2.4.2-1.
As down there, Si:P detedors enable study of the mineralogy of debris disks around evolved
sars.

1.2.4.3 Radiometry of Kuiper Belt Objeds (KBOs)

The large number of Kuiper Belt Objeds being dscovered implies that they constitute an
important constituent of the solar system. In addition, as snall bodies outside the zone deaed by
planets, they probably represent the largest members of the debris g/stem of the sun, analogous to
the more dramatic debris g/stems that lie aound some neaby stars such as Vega and 3 Pic.
Although it is now known that KBOs have arange of colorsin the visible, the dbedos can only be
guessd and hence the diameters and masses of the individual objeds are very uncertain.
Radiometry provides a measure of albedos when combined with measurements of refleded light
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Figure 1.2.4.2-1 Spedrum of the etreme AeBe star HD 100546 which has a very
prominent infrared excesswith the spedral feature at 33-34um indicative of forsterite-type
crystalline silicates (Malfait et al. 1998. The response of Si:P detedors extends just far
enough to deted this feature; there are no additional diagnostic features to 4Qum that
would be accessble to Si:Sh. The line with diamond markersis the Rayleigh-Jeans gedral
energy distribution of a typical primary star. For extreme objeds like HD 100546 the full
suite of features is accessble. However, for a much less prominent disk typical of those
around evolved stars, the 33-34um features have by far the best contrast to study the
mineralogy d the disk.

such as in the visible. Figure 1.2.4.3-1 shows the predicted results for KBOs at the inner edge of
the Kuiper Belt (~40AU) and of various combinations of diameter and albedo that give identicd
signatures in refleded light. It also shows the predicted flux for alow abedo objed in the midde
of the Kuiper Belt. Fluxes are plotted as VF, to indicate where the maximum energy emerges.
Although the brightest examples are detedable on NGST with a Si:As array, the Si:P detedor has
significantly greaer cgpability to study objeds over arange of albedo and distance from the sun.
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Figure 1.2.4.3-1 Detedability of KBOs asa function of albedo and distancefrom the sun.

1.2.4.4 Debrisdisk systems

Following on the results in Figure 1.2.4.3-1, typicd debris disk systems have ceitral holes that
gredly reduce the surface aess radiating in the midde infrared, so these remnants of planetary
system formation are most detedable in the far infrared. The very cold temperatures of the
congtituent objeds make a small longward shift in wavelength potentialy important in their
detedion and imaging (the beamn of NGST would be 0.8" at 30um, corresponding to 8AU at 10
pc). The extension from 27 to 34um provided by Si:P could be aiticd in studying low density
systems around neaby stars (analogous to the Kuiper Belt) and in probing systems with large
inner cleaings, where one culd deduce that planetary systems had formed over a range of
distances from the star.

1.2.45H; and the ISM

The 28.2um line of H; is virtualy the only way to determine the anount of gasin a wld, T <
100K, dense doud such as a ollapsing pre-protostar, a arcumstellar pre-planetary nebula, or
even atypicd giant moleaular cloud. Search for and study of this line is prominently feaured in
the NGST design reference misson for this reason. Unfortunately, Si:As BIB detedors have lost
virtually al their response & the rest wavelength of the line. However, Si:P is nea its pe&k
response.

Figure 1.2.4.5-1 il ustrates one gplication of thisline. It is one of the very few ways to deted and
measure the properties of very cold gas in the interstellar medium. The cnversion of indired
measurements of moleaular hydrogen densities to total masses has been the sourceof controversy
for decades. With measurement of the 17 and 282um lines, it can be cnstrained dredly. In the
example in Figure 1.2.4.5-1, the ratio of line strengths between 17 and 282um requires a
moleaular gas temperature of about 100K and a density of about 3000cm™® (Thi et al. 1998).
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Figure 1.2.4.5-1 Purerotational H, emisson lines from the peripheral regions of S140, from
Thi et al. (19989

Figure 1.2.4.5-2 illustrates another, very different application. It shows H, from the drcumstellar
disk of the very young star GG Tau. The moleaular hydrogen originates in about 0.007 solar
masses of relatively dense and cold material at distances up to 100 AU from the central star.
These lines provide aunique probe of this regime, within which planetary systems are likely to be

forming.
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Figure 1.2.4.5-2 Pure rotational moleaular hydrogen in GG Tau, from Thi et al. 199&.
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2.0 Detedors

Our ISIM concept uses a suite of several detedor types. We fed that suitable detedor choices
can increase the science yield within a fixed budget relative to the yardstick. This sdion
summearizes the results of our detedor trade studies and our preferred detedor choices.

2.1 Visbledetedors

The yardstick instrument uses an infrared array to provide its visible range sensor. Although this
approach hes the alvantage of minimizing the number of array types, it has a number of
disadvantages.

First, to provide reasonable matching of the pixel scde to the telescope image, it is possble that
the pixels as projeded onto the sky should be smaller than would be gpropriate in an infrared
band. This change in pixel scde is likely to be neaded even given that the telescope is not
diffradion limited short of 1 micron, since the image will contain significant information at high
gpatial frequencies that otherwise would be lost (see81.2.1). Implementing the smaller pixel scde
would require ather a scde dhange in the optics (requiring a mechanism), or a dedicaed opticd
train and array.

Sewond, the infrared array may not provide equivalent performance to an optimized visible-
wavelength array. Although InSb can have high quantum efficiency in the visible region, it will
probably have higher cgpadtance than an equivalent opticd detedor, degrading read noise.
Finally, if the yields on the InSb arrays are lower than those on visible arays, it is possble that it
will be more e@nomicd to use asuitable optimized visible aray, even if it introduces a new array
type into the NGST mix. Some of these aguments will become deaer from the following
discusson.

We believe the tradeoff between the yardstick approach and the use of an optimized visible-range
array must begin by seleding the best type of array for the visible, since it may be possble to
retain most of the alvantages of the “infrared-array-only” approach of the yardstick without
accepting its disadvantages. In addition, the constraint of good visible performance is removed
from the infrared array, which may alow a more optimum choicefor it also.

There ae three cadidate aray tednologies for optimized visible detedors. CCDs, CMOS
detedorsand Si PIN diodes.

2.1.1 CCDs

CCDs are the most familiar of the candidates. They offer very large formats (e.g., 4kx4k pixels
or larger), low noise, high quantum efficiency in the visble axd blue, and high fill fador.
Disadvantages include their susceptibility to radiation damage, poor red quantum efficiency
(although deep depletion devices offer excdlent potential in this areg, the fad that they must
operate nea 150K (posing a significant challenge for the thermal design of the ISIM), and the fad
that their controller requirements are quite different from those of infrared arrays, potentialy
increasing warm eledronics cost.
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21.2CMOS

CMOS detedors are arapidly emerging tedhnology in which silicon diodes are grown side-by-
side on a single dhip with readouts. Compared with CCDs, they should have greder radiation
hardness should operate older, and with greder red quantum efficiency.

The largest existing CMOS imagers have 2kx2k pixels, and in the NGST time frame will
concevably have 4kx4k pixels. Their main drawbadks are poor fill fagors (50%) and relatively
high moise (>10 eledrons). Thus, athough they can be more red-biased in response than most
CCDs, they may adualy have lower net sengitivity. In some caes, these devices are equipped
with microlenses to adhieve better fill fadors. However, it is not established that the microlenses
will survive thermal cycling.

CMOS detedors that would have much more promise for NGST are under development at JPL
(G. Domingo, private communicétion). The initial goals are to supgdy quantum efficiency of 75%,
read noise <5 eledrons, and a format of at least 1kx1k. The anflict between space for the
readout amplifier and the detedor itself will be resolved by bad illuminating the devices. If this
development is succesdul, these arays could beame the visible light sensor of choicefor NGST,
since they should have high yields and hence relatively low prices, good radiation tolerance, and
control requirements compatible with the same dedronics that would be needed for infrared
arrays.

2.1.3S PIN diodes

Dired hybrid PIN diodes are atedhnology being pursued by Rockwell Science Center, Raytheon
SBRC, and other detedor manufadurers. Their construction is closely analogous to an infrared
array, except the detedors are PIN diodes. The detedor array is bump bonded to a silicon
readout and bad illuminated. These devices have excdlent red quantum efficiency (see Figure
2.1.3-1) and highfill fagors, their readouts can be identicd to those for infrared arrays, they are
resistant to radiation damage, and they can operate & the low temperatures optimum for infrared
arrays. Their disadvantage is that control of the forces required for hybridization may limit their
formats to 2kx2k, similar to the largest formats for infrared arrays. Pixels would be @out 20um
insize
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2.1.4. Conclusion

Comparing these detedor array types, the best choice gpeasto be the dired hybrid PIN diodes.
Next generation CMOS imagers might be abetter choiceif current developments are successul.
We now compare use of these dedicaed visible imagers with use of an infrared array for the
visible detedor. The readouts and control eledronics could be identicd, so the incremental cost
of the PIN diode aray would be qualifying its detedor material. Fortunately, silicon PIN diodes
are avery well developed and conservative gpproad, so these asts sould be relatively minor.
The PIN diode aray would probably have better performance with lower read noise and at least
as high quantum efficiency. Because of the built-in field in a PIN diode, cross talk would be
reduced. We exped with this lution overal cost would be reduced, sincethe antrol eledronics
could be identicd for the infrared and visible aray and the manufacuring cost for the PIN diode
array is likely to be lessthan for an equivalent number of infrared arrays to be used in the visible.
Therefore, we recommend that the detedor suite for the ISIM include dired hybrid PIN diode
arrays.

2.2 Near infrared detedors

Two general detedor types deserve consideration for the nea infrared: InSb, as in the yardstick
concept, and HgCdTe. The InSb is better established for the 1-5um in terms of single-pixel
performance It aso has broader spedral response, with good quantum efficiency from 5um down
into the visble. However, there has been recet rapid progress on HgCdTe in this regard.
HgCdTe is more alvanced than InSb in terms of large aray formats, demonstrated read noise,
and array manufaduring yields. In addition, it may provide alequate performance d higher
operating temperature than InSbh, a potential advantage in system design. Another advantage of
HgCdTe is its cutoff wavelength, and hence dark current, which can be tuned for spedfic
applicaions. Thus the NIR modules could use detedors with 2.5-3um cutoffs, having much lower
dark current than InSbh. If a dedicaed detedor type is used in the visible, then HgCdTe deserves
serious consideration for the nea infrared.

A substantial advance in HgCdTe detedors has been achieved at Rockwell Science Center with
moleaular beam epitaxy double layer crystal growth. The best performance is achieved with a
CdZnTe substrate, which is a good match to the HQCdTe aystal structure. The pixel yields in the
MBE HgCdTe tend to be relatively low but are improving as experience is gained in process
control and optimization. The first generation of the devices with 5.2um cutoff has dark currents
in 40um pixels operated at 50K of 0.4e/sec(Bailey et al. 1998. We have independently confirmed
dark currents <le/s at this temperature with additional devices (D. McCarthy, private
communicaion). A 1024x1024array with 4.2um cutoff on a silicon substrate (expeded to result
in elevated dark currents) had mean quantum efficiency of 58%, and 996% operable pixels, with
dark current <le/s per 18um pixel (K. Vural, private communication). Recent data on a second
generation 5.2um cutoff array with 18um pixels have found dark currents of 0.04 e/sec a 63K;
this device had 75% quantum efficiency from 1 to 4um (D. Hall, private communication). These
values are dose both to the goals for NGST and to the per-pixel performance of InSb. The
demonstrated manufacurability of HgCdTe in 2kx2k formats, higher operating temperature, and
lower read noise dl are important advantages that make it potentialy the detedor of choice for
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NGST given the demonstrated performance and rate of improvement in per-pixel performance
and yields in the past threeyeas.

2.3 Mid infrared detedors
Severad DRMs cdl for imaging and spedroscopy longward of 5um. The detedor choices
available, however, al have to be moled below that of the passvely cooled temperature of the
ISIM (~35-40K). We present here the results of our choices for >5um response detedors.
Coolers are discus=d in 8§3.

2.3.1 Si:AsBIB arrays

Si:AsBIB is by far the most common IBC detedor. It has response to about 27.7um (here and in
the following we define the limit of useful response to be 10% of the pe&k). It requires cooling
only to about 10K, and can be built in conventional semiconductor fadlities because asenic is a
common dopant for integrated circuit construction. A competitor for these detedors between 6
and about 12um is MBE HgCdTe. These detedors have apotential advantage in higher operating
temperature over Si:As BIB devices, but they do not cover the whole spedra range and their
demonstrated performance in terms of dark current and in producability is not as good. At
present, we believe Si:As BIB detedors are the best candidate for the NGST detedors working at
wavelengths longer than 6um out to its cutoff wavelength just short of 28um. With further
development of long wavelength HgCdTe and of Si:P BIB detedors (see below) there could be
an interesting option to use only these two detedor types, if it eased overall thermal design and
provided useful performancefrom 6 to 34um.

2.3.2Si:PBIB arr ays

For use in SIRTF, where superfluid helium cooling is available, Si:Sb BIB detedors have been
developed (van Cleve d al. 1995 that provide response to about 39.3um, but require oling to
<4K and depart from conventional semiconductor processng. Battelle Institut (1988
demonstrated a Si:P device and single detedors using this same dopant have been huilt at Boeing.
Si:P BIB detedors have a atoff wavelength of about 34.5um and can be built through
conventional semiconductor processng, since phosphorus is another commonly used dopant. The
response of these detedor typesis compared in Figure 2.3.2-1.
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Response of Si:X BIB Detectors
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Figure 2.3.2-1 Response of Si:As, Si:P, and S:Sb BIB detedors. The Si:As and S:Sb
devices were built and measured at Boeing; the Si:As detedor has an anti-refledion
coating to enhance its long wavelength response as much as possble. The Si:P device was
manufactured and measured at Battelle Institut. Modest further enhancement of the long
wavelength responses of both the Si:P and Si:Sb could be achieved with AR coatings.

2.3.2.1 Tedhnical and system level advantages of Si:P

Since NGST has the potentia for spedaaular performance d@ wavelengths well beyond the
zodiacd badground limit performance (A~12um) (81.2.4, 8121.2 (Figure 12.1.2-1), our ISIM
concept includes these long wavelength detedors. Although Figure 2.3.2-1 implies that Si:Sb BIB
detedors would be the most attradive because of their response 39um, for a number of reasons
asociated with manufacturabili ty, we recommend that Si:P be used insteal.

2.3.2.1.1 Semiconductor fabrication mainstream

The demistry used for doping silicon with phosphorus is generally available because this doping
is used commonly in the semiconductor industry. Thus, the raw material for detedor fabrication
can be obtained from a number of supgiers. Spedalty houses sich as Lawrence Semiconductor
Reseach Laboratory (LSRL) can make these materials with excdlent control of bad<ground
impurities, opening upnew posshilities for very high quality detedors.

As an example, Boeing has sifted some of the fabricaion of Si:As wafers to LSRL. The
badkground impurity levels are threetimes lower than Boeing was able to achieve with in-house
meaterial fabrication, making possble a new generation of detedors that probe new levels of
performance By lowering the As concentration and increasing the thickness of the IR-adive
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layer, it has been demonstrated that detedors can be built with very low dark currents (~1e/s) at
much higher temperatures than previoudy (11K). The ultra-high purity levels achieved at LSRL
alow full depletion of the thicker IR-adive layers, so high quantum efficiencies can be atieved
with these devices. Eventualy alimit in elevated temperature performanceis st by the increase in
deviceresponse time.

In addition to the improved yields and performance made possble by use of mainstream
semiconductor cgpabilities, there is a second benefit. There can be a ontinuing strugde to
maintain the caoability for production of relatively low volume, spedalized devices sich as Si:X
BIB arrays. For example, so far as possble the fabrication of the readouts for such arrays has
been shifted to large volume, commercia foundries which maintain a stable business base.
Experience has $own that smaller, spedalized foundries (e.g., Hughes Carlsbad) are hard to
maintain, and when they close the processs neeal to be re-established elsewhere — an expensive
and potentialy risky procedure. By moving the detedor wafer fabrication into the commercial
arena, the maintenance of the long wave detedor capability will be made eaier than with Si:Sh.

2.3.2.1.2 Better controlled processng

The Si:Sb detedor material is difficult to grow because there is no good gaseous urce for
chemicd vapor deposition with silicon sources. Instead, Boeing “bubbles’ a liquid source and
with this process there can be difficulties in dopant control and uniformity. In addition, the
processng must be & relatively high temperature. These requirements on the processng also add
to the difficulties in growing utra pure devices. Thus, Si:Sb cannot be alvanced to the next
generation of performance, which requires higher purities and thicker layers than used at present.

In contrast, the Si:P material can be prepared with the same, relatively low temperature, silicon
deposition processthat is used succesgully with Si:As and which has made possble the improved
performance next-generation devices.

2.3.2.1.3 Operating temperature

The latest generation of Si:As BIB detedors, best suited to NGST requirements, can be operated
at temperatures of 9 to 10K. Asuming the first order relation that the operating temperature
should be proportional to the excitation energy, one would exped to be ale to operate Si:P up to
8K. We exped with high purities and optimization of the detedor design, thislimit can adually be
adhieved. The same excitation energy argument suggests that Si:Sb BIBs could be operated upto
7K. However, a more typicd limit is only about 4K (van Cleve & al. 1995. Although further
optimization may bring some improvements for this material, the processng issues discussd in
§2.3.2.1.2 represent a fundamental barrier to development of Si:Sb BIBs that work well at 7K.

The difference between cooling to 8K and to 4K can have an immense dfed on system design.
For example, as illustrated by the development for the WIRE misson, it allows use of liquid
hydrogen with much greaer cooling cgpadty, rather than liquid helium. Alternately, it opens the
possbhility for a broad variety of closed cycle aoalers of high reliability. Although none of these
advantages are fundamental, they promise to yield lower cost and more reliable overal sensor
systems.
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2.3.2.1.4 Radiation damage

Si:X BIB detedors are subjed to damage when struck by ionizing particles, which can produce
crystal defeds, reduced impedance, and a“hot” pixel with increased dark current. This behavior is
gredly reduced if the detedor can be operated at low bias voltage. However, to deplete the
infrared-adive layer and maximize the detedor quantum efficiency requires a bias voltage
proportional to the minority impurity concentration in the infrared adive layer. Thus, for previous
generation detedors with relatively high minority impurity levels, a tradeoff must be made
between minimizing the radiation-induced dark current and maximizing the radiometric
performance of the detedor. This tradeoff becane widely apparent when the Si:As BIB detedors
in the Short Wavelength Spedrometer (SWS) of SO exhibited increasing dark currents in flight,
until the bias was reduced with a resulting downward revision of the instrument performance

The solution to this class of problem is to produce very high purity infrared-adive layers. This
approach has been implemented very effedively for Si:As BIB detedors, with the best behavior
obtained with the super-pure detedor materia from Lawrence Semiconductor Reseach
Laboratories (Raytheon IBCs also use very high purity processng and have relatively little
radiation damage). Thus, at the typicd exposure levels for a space atronomy misson, radiation
damage is not a serious issle for Si:As detedors. However, the reduced control of impurities in
the processng required for Si:Sb has made asimilar solution for it impossble. The arays of this
meaterial to be flown in the Infrared Spedrograph (IRS) on SIRTF will degrade over the life of the
misson.

Because they can be produced with equivalently high purities to the Si:As detedors, we exped
Si:P detedors to be much more radiation hard than Si:Sb at the dose levels of interest.

2.3.3 Conclusion

Extended long wavelength cgpabilities beyond Sum are highly desirable in adiieving several
NGST science goals, as well as opening up new scientific objedives (81.2.4). Over the 5-25um
range, we fed the highly developed Si:As IBC detedors are the most sensible doice Longward
of 25um, when the Si:As response begins to deteriorate, Si:P IBC detedors are the most
promising technology due to 1) their higher operating temperature, 2) more radiation robust, and
3) ease of manufadture.
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3.0 Codlers

The minimum temperature required for Si:As and Si:P BIB detedors is about 8K. We have
considered four ways to maintain this temperature: 1) turbo-brayton, 2) sorption, 3) pulse tube;
and 4) solid hydrogen. The turbo-Brayton and sorption approaches are described in detail in other
projed literature. We summarize briefly the discusson of them by Castles (1998 and DiPirro
(1999. We have moncentrated our attention on the latter two types. Each of the four cooling
approades has its own unique alvantages and dsadvantages. The major results of this sdion of
our report are: 1) we find that the vibration inherent in the linea compressor used with pulse
tubes can probably be managed so as not to disturb the pointing of NGST, and 2) with the
compad padkaging of our instrument modules and a demonstrated qualifiable hea switch, a solid
hydrogen cryostat is a viable option. The alvantage of either of these two approades is that they
are fully demonstrated with relatively little further technology development required.

3.1 Turbo-brayton

Because of their turbo compresors, turbo-brayton coolers are basicdly vibration free Thermal
design with these @olers can be eaed because the compresor and its asociated power
disspation can be placed a significat distance from the wld head. A turbo-brayton cooling
system permits 8 K temperature regions to be placed with grea freedom in the ISIM, as plumbing
lines can dired the fluid coolant to appropriate locaions. A spacerated version is planned for use
in reviving NICMOS, which will be moled to the ~70K range. Similar devices are used down to
~30K. The major issue with turbo-brayton coodlers is the need for further technica development
(for example, miniaturization of critica turbine cmponents) and demonstration to satisfy the
NGST requirement for cooling to ~8K. At present, only a single company, Creae, makes gace
qualified turbo-brayton coolers.

3.2 Sorption codlers

Spacequalifiable sorption coolers are dso basicdly vibration free System thermal design can be
eased with these units as with turbo-braytons because the warm (~400°C) compressor unit can be
remote from the @ld head. Spacequdlifiable units are under development for the Planck misgon,
but they will only reat ~20K. Sorption coolers use more power that the other three gproades.
Further development will be required to satisfy the NGST requirement for cooling to ~8K.

3.3 Pulsetube madlers

Pulse tube @oalers require alinea compresor which can be asource of vibration. As a result,
they have been generally not considered for use in NGST. They do however have magor
advantages. existing tedhnology for single stage systems, compad integration, low massand good
power efficiency. Although commercia pulse tube @olers have been operated as low as 2.5 K,
some development is required to optimize and demonstrate cmpad pulse tube systems at 8 K.
We discusspulse tubes at some length in this report as they have not been extensively investigated
for NGST applicaions. LMMS has demonstrated performance on two stage pulse tube designs
and tested the third stage to 8 K, where moling power of 50 mW was adieved with reasonable
input power. Spacequalified puse tubes are dso available from TRW.
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Relatively little technica development is required for NGST, as discussd in more detail in §8.2.
The pulse tube has no cryogenic moving parts and the reliability of the compressor assembly is
very high. There is extensive heritage for the compresrs from previous cryogenic goplications.
Based on these previous designs, a failure modes and criticdity analysis (FMECA) and fault tree
analysis at Lockheed Martin shows that a compresor reliability of 0.99 can be adieved for a 10
yea misson.

A system issue with pulse tubesis that the compressor must be placel within ~1 meter of the wld
head, so caeful thermal design is required to permit radiating the power disspated in the
compressor. In addition, the pulse tube length is limited to a smilar sze However, these
limitations of pulse tubes are overcome by designing the ISIM to placethe parts requiring the
lowest temperature operation nea an outside edge.

We have adyzed the vibration issie in a number of ways. First, asauming a typicd
uncompensated vibration level of 0.1 N at the frequency of the compressor operation (~40Hz),
one can do a simple rigid body analysis to understand the magnitude of the pointing influence
This cdculation places an upper limit of about 1 milliarcsec on the dfed on the NGST pointing.
A more complete analysis, which models the medhanicd structure of the etire LM reference
observatory architedure, predicts a pointing error of 10 milliarcsec Thisis smewhat higher than
the pointing error neaded for a diffradion limited telescope & 2um (5 mas). However, this
cdculation describes the worst case in which nothing is done to mitigate the vibration.

The uncompensated vibration has a broad frequency spedrum extending above the frequency of
compresor operation. Both the fundamental and the higher frequencies can be damped
significantly by soft mounting the unit. Figure 3.3-1 shows the results of modeling these dfeds. A
mount with stiffnesscorresponding to 16Hz is sufficient to reduce the observatory pointing error
induced by vibrationsto 1 mas. Even with a relatively stiff mount (32Hz resonance), the high
frequencies are sufficiently damped that excitation of resonances by them becomes unlikely.
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Experimental Data From L2010C
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Figure 3.3-1 Vibration of alinear compresr can be substantially reduced by a soft mount.

With a soft mounted puse tube compressor, then, the isuue on vibration becomes resonances
excited at the fundamental frequency of the compresor operation. By tuning this fundamental
frequency away from medhanica resonances, a variety of observatory architedures may be
acommodated. Therefore, we believe that pulse tube vibrations do not pose a fundamental
obstade for deployment on NGST.

Pulse tubes are dso expeded to be smilar or more power efficient than turbo-brayton coolers at
or nea 8 K. Table 3.3-1 compares the dficiency of LM pulse tubes with that expeded from the
Creae turbo-brayton cooler (Swift et al. 1999. Dired comparisons are difficult to make because
of the different assumptions relating to thermal grounding temperatures and cooling loads, but the
predicted power requirement is smilar between the two and the system weight is much lower for
the pulse tube system.
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Item Turbo-Brayton LM Pulse Tube for | LM Pulse Tube
(expeded, from | NGST (expeded) (Lab Data)
Swift et al.)
Hea Rejedion No staging at lower | Radiator at 250 K for | Radiator at 230 K for
Asaumptions temperatures. 300 K | compressor compresor
radiator
Cooling Capabili ty 20mwW at 6 K 4mW at 8K 26mwW at 8K
127mW at 15K
Compressor Power >=100W 50 -100W 50 — 100w
Consumption
System Weight 40 kg 16 kgincluding 8 kg (utilizing existing

eledronics

2010compressor)

Table 3.3-1 Comparison of Pulse Tube and Turbo-Brayton Codlers

Pulse tubes are dso much more mature than turbo-brayton coolers. Figure 3.3-3 illustrates
laboratory data from the third stage of a LM developed puse tube in which the upper stage
temperature is maintained by helium coolant. The ®ld stage load versus the ld stage
temperature is plotted for seleded upper stage temperatures of 20 K, 30 K, and 35K. The wld
stage load for a 20 K upper stage far exceals our 1SIM requirement of 5 mW cooling at 8 K. To
adapt the LM pulse tube for NGST, the upper stage of cooling would also neal to be provided by
the pulse tube, thus a multi-stage pulse tube is required. Pulse tube @oaoling at these higher
temperatures is very mature and therefore low risk. Models for predicting and enhancing puse
tube performance ae dso well established, enabling flexible and redistic design.  Eledronic
control systems are more mature than for turbo-brayton coolers. We dso note that space
misgons within NASA and DoD favor pulse tubes over turbo-brayton coolers in the ratio of
about 9to 1. We exped that pulse tubes will continue to maintain an advantage in flight heritage,
reliabili ty, performance and maturity for the next ten yeas.
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Load Curves for Various Reject Temperatures
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Figure 3.3-3 Performance of a LM Pulse Tube for the indicated upper stage temperatures.
Adegquate mading for NGST isprovided with an upper stage temperature of 20K.

3.4 Passve (solid hydrogen) coding

The temperature requirements can also be met by solid hydrogen. Scding from the power
requirements for the Boeing Si:As BIB arrays in SIRTF, operating the larger format arrays we
propose for the ISIM would require only about 2mW (time averaged to 0.5mW if the arays are
used 23 of the time). We estimate other parasitics for a small solid hydrogen dewar to be &out
another 2mW, given that the dewar will operate in a ~30K environment. If we provide a50%
contingency, an upper limit to the total power into the ayogen is 6mW. One hundred liters of
solid hydrogen could provide this cooling power for 10 yeas. A round cryostat of diameter 0.8m
and massloaded of about 50kg can provide the required amount of solid hydrogen. The dficient
padkaging we propose for the ISIM, obtained by moving the feed mirrors up and out of the
nominal 1SIM volume, provides ample room for such a ayostat as $rown in Figure 3.4-1.

To avoid having to provide avaaium shell around the mid infrared instruments, they would be
launched warm. A thermal strap will penetrate the dewar shell with a hermetic, thermally
insulating feedthrough and will conned to the hea sink(s) for the mid infrared arrays after the
instruments are radiatively cooled to the ISIM cavity temperature of 40K. If ultrahigh purity
copper is anneded in an oxygen atmosphere, the oxygen getters the residual iron in the copper
and RRR values >>1000 can result. Copper treded in this manner produces very high
conductivity thermal straps at the low temperatures required by the NGST instruments. Within the
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cryostat, the strap will be ataded to a hea switch. The switch will remain open until the ISIM
has cooled on orbit below 40K. At this point the spedfic hea of the aray mounts (and most other
items in the ISIM) will be very low, and the hea switch can be dosed to coal the detedors to <
8K with very little load on the ayogen.

A variety of approades could be used for the hea switch. LMM S has built, tested and developed
flight type gas gap and dfferential contradion thermal switches for a number of different
programs. LMM S has tested these for launch vibration and operated them for over 3000 cycles,
so their thermal switch tedhnology is very extensive. Another approach was developed by Paul
Richards for the aliabatic demagnetization refrigerator originaly in the MIPS instrument for
SIRTF. It uses a solenoid and a two-armed lever arrangement to close a ¢éamp on the hea strap,
establishing a high thermal conductivity between the strap and the damp jaws. A flight prototype
was built at Ball Aerospace ad subjeded both to vibration testing and to an accéerated life test
of 50,000cycles.

Figure 3.4-1 100liter solid H, cryostat compared to the frame of the ISIM (blue) and the
proposed instrument complement mounted in the ISIM (green). Light from the telescope is
incident from the right. There is ample space for a solid hydrogen coder for the mid
infrared detedors.
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4.0 Multi-objed spedroscopy options

Severa core DRM programs require multi-objed spedroscopy (MOS). A number of study
groups are investigating various implementations for MOS on NGST, from mnulti-aperture
dispersive spedrometers to Imaging Fourier Transform Spedrometers (IFTSs). We have
therefore concentrated on conceptual trade studies of issues related to MOS options for NGST.

4.1 FTSvs. dispersive spedroscopy

Although discussons of the tradeoff between Imaging Fourier Transform Spedrometers (IFTSs)
and dspersive spedrometers (DSs) can become highly mathematicd, it is useful to begin with a
simple but rigorous treament based on first principles.

4.1.1 Single objed spedroscopy

It is generaly agreal that, for spedra of isolated single objeds, a DS using state of the at
detedor arrays is faster to a given result aaoss al the NGST spedra range axd envisoned
spedra resolutions. The inherent advantage of the DS arises because it neal only be read out
oncefor the entire spedrum, whereas the FTS must be read out 2xS times where S is the number
of spedral elements. Thus, in the read noise limit the DS has potentialy a significant advantage.
In the photon rnoise limit, eat spedra element for the FTS is degraded by the noise asciated
with the photon flux over the entire freespedral range of the instrument, whereas the DS exposes
eadt spedral element only to the photon flux appropriate to that element. An example, cdculated
with the NGST badkgrounds (8121) is given in Figure 4.1.1-1. Throughout this dion, we
guote performancein Johnson magnitudes, at K, Mag~Mjohmont2.
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Figure 4.1.1-1 Comparison of exposure times required to achieve a 10u detedion of an
objed for a dispersive and IFTS spedrometersin the 1.25-2.5um region, sampled at 2um.
The dispersive spedrograph always is faster for a gven result acrossall resolutions. The
maximum allowed integration on each objed was 30005, with longer integrations achieved
by co-adding. Details of the @lculationsused are given in 8122.
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4.1.2 Spedral Mapping

We now turn to one of the gplications where the IFTS is at its grongest, that is, spedral
mapping of the sky. We first consider the situation where both instruments are photon noise
limited on the badground. To smplify the discusson, we will assume that al the dficiency
fadors for ead instrument — beam splitter performance vs. grating efficiency, opticd throughput,
etc. can be taken to be the same. We assume that ead uses an array of sizeY times'Y pixels and
that an areaon the sky at least as large & the projeded areaof this array is to be mapped to
provide S spedral elements for ead point on the sky. We further assume that ead instrument can
derive an adequate flat field frame from the suite of measurements (likely to be true for the
dispersive instrument through use of the time when pixels view sky with only very faint sources to
generate asuperflat) or from other observations (e.g., flat fields obtained at other times). The
IFTS is taken to use both outputs, i.e., to have two detedor arrays. In this case, the signal to
noise on one spedral element on a single position on the sky is S”2 higher for the DS than for the
IFTS, or equivalently the DS is S times faster to a given result. It is this fador that is a the
foundation of the alvantage of the DS for single sources. However, in this example the IFTS
gathers useful spedra smultaneously on Y2 pixels, so we neel to determine whether this gain
compensates for its per-pixel disadvantages.

A DS is often designed with a single entrance dlit for single objed spedroscopy. For such an
instrument, useful spedra ae obtained over the dlit length, Y, so the relative spead for mapping to
the same signal to noiseis

tos _L(YS) Y

= 1/(Y2) S

However, for mapping the DS should have an optimum number of dits. If S <<Y, then it neals
Y/S dlitsto make use of the entire aray. This point isillustrated in Figure 4.1.2-1, where Y/S ~ 7.
The speeal of mapping is then increased by the fador Y/S:

tos _U(YS) S _,

ter (Y2 Y

Thus, if both are photon noise limited, a properly designed DS will be &le to map sky to a given
sengitivity limit and spedral resolution at the same speed asan IFTS.

There ae many second order effeds that need to be taken into acount, given this smple result
using first order arguments. The DS would map by taking an exposure, then adjusting the
telescope pointing one dlit width perpendicular to the dit and taking another, and so forth. Thus,
the IFTS has a potential advantage in more accirate pixel registration, since telescope pointing
errors would affed all the pixels equally. The IFTS also gains an advantage if one or both
instruments is read noise limited, a subjed we discussin greaer detail below. Although it might
be thought that the IFTS has an advantage because of its greder free spedral range, so long as
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oneis willi ng to change blocking filters and gratings to map the equivalent range with the DS, the
derivation above remains valid and there is no intrinsic advantage.

< ——— >

S sped ements

sit =P 1 2 3 4 5 6 7

Figure 4.1.2-1 For mapping, a dispersive spedrometer should have Y/S dlits.

A dgnificant disadvantage for the IFTS is the higher data rate. Each spedral point requires
measurement of a frequency and an amplitude in the transform. If both outputs of the instrument
are used, there ae then four data points per spedra point, compared with one for the DS. A
Fourier Transform requires a large dynamic range, so the alvantage in data handling with the DS
may even be understated by a smple fador of four. Another fundamental isse is that we have
implicitly assumed a spedral shape optimal for the IFTS. Its performance will be degraded where
the flux density is low by the energy receved from regionsin its freespedral range where the flux
density is high. To counterad this tendency, it has been proposed that one use a @mposite
instrument that passes the light through a dlit and dsperses it at low resolution over a modest
number of pixels, so the IFTS can operate over limited spedra range for ead pixel (Bennett
1999. Such arrangements add complexity, and cannot overcome the basic result that intrinsicaly
in the photon moise limit a DS and an IFTS are equally fast for spedral mapping, assuming the
most favorable possble input spedrum for the IFTS.
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The other limiting case in any comparison is when both the IFTS and the DS are detedor noise
limited. Because the IFTS generates 4 data points for every one data point with the DS, it pays a
penalty of 4" = 2 in signal to noise. It does achieve amultiplex advantage, however, so that this
noise suffices for spedra of S points. The net effed is that, for a single source, tpg/tiers = %, and
for imaging spedroscopy:

tos _ (1/Y)x1/4
tIFTS 1/Y2

S_S
Y 4

In general, one expeds an IFTS to be operating in the photon moise limit for NGST. However,
the result just derived emphasizes that instruments using pre-dispersion to limit the spedral range
on ead pixel will gain little alvantage even in the most favorable case for the IFTS unlessthe
number of spedral elements per pixel is sibstantially more than four.

A more genera relation alows us to consider intermediate caes where the DS is real noise
limited and the IFTS is badground limited. Assume that |, is the photocurrent for a single
spedra element and ti; is the integration time. In making a map, ead pixel of the IFTS must be
read out 2S times. Ead pixel of the optimized DS must be read out Y/Ngi = Y/(Y/S) = S times.
We then find that:

| ot + 14t

phrint

+ N7
+ 4N

tDS _ int int

t

+ N2 Y2 St + St

x x O(l) phtint
Y(Y/S) S ot + 21t

S
TS 2[2 I ph(tint /2)+2|d(tint /2)+2N|§]
1

x O(D),

int int

where Ng is the read noise ad |q4 is the dark current. All the dficiency terms (instrument
throughput, beamsplitter performance, grating efficiency, etc.) have been colleded into a term of
order 1 (O(1)). Such terms enter only linealy in the time to a given result, so it would take a
major difference between the two spedrometer approadies to have astrong effed on the relative
times. There ae many complex considerations in estimating this term, and gven the likelihood
that it is not significantly different from 1 we have set it to that value. We have assumed both
outputs of the IFTS are used; otherwise, it is two times dower than indicaed. In the
approximation, we have dso made the favorable assumption for the IFTS that the cntributions to
the photocurrent from all the spedral elements are the same, so the sum over photocurrent can be
replaced by Sl This latter expresson easily reduces to the two limiting cases already considered.
It is acompanied by the same second order effeds aready discussed: four times the data rate for
the IFTS, etc.

Using the &ove relations, we cdculated the mapping speed of this gedfic design of DS
containing S dlits aaoss a detedor compared to a FTS. Both are sssumed to have the same
efficiency. The NGST badkgrounds and detedor parameters used are those summearized in 8121.
We evaluated the badkground and source ontributions for a flat spedrum, charaderized at a
magnitude measured in the center of the band, and an integrated badkground over the band. The
hypotheticd NGST IFTS is badkground limited at all resolutions and wavelengths, whereas the
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DSis only badkground limited for bright objeds and/or low resolutions. Figure 4.1.2-2 ill ustrates
these regions, where & expeded, the mapping time ratio is nea unity when both instruments are
photon noise limited. The exposure times were set to give al0-0 detedion of the point source,
with a maximum of t=3000s for an individual exposure. For objeds requiring longer exposures,
3000 sec ones were m-added as discussed in 8§121.2. A maximum integration time of 10 hours
per point in the field with the DS determined the maximum megnitude plotted. This limit
corresponds to ~ 1000hours total integration at R = 100to cover the field of a 2Kx2K array.
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Figure 4.1.2-2 Comparison of mapping speels over the 1.25-2.5um and 2.5-5um bands
(0.05” pixels). At R=5, both the DS and IFTS are photon noise limited, and the ratio is
unity. At R=100(solid diamond), the DS beammes detedor limited and its relative mapping
speal deaeases comparable to the IFTS, but far from the extreme of §/4=25 for even the
faintest magnitudes. Deaeasing the detedor contributions (open diamond), will deaease

the IFTS advantage.

Figure 4.1.2-2 demonstrates how small the potential advantage of the IFTS would be even in this
relatively favorable goplicaion, so long as it is compared with a dispersive spedrometer with an

optimum number of dits rather than only one.
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4.1.3 High Resolution

The IFTS adhieves a traditiona multiplex advantage only when the DS is read noise limited.
Exadly where this transition occurs depends on the way the DS is optimized. To provide an
explicit example, we have mnsidered a spedrometer optimized for the minimum in retural
badkground at 3.5um, have sized its pixels to A/D at this wavelength, and assumed an
instrumental efficiency of 50% and a detedor quantum efficiency of 80%. The transition then
ocaurs nea R = 300. For sky mapping at R = 100Q the IFTS is about 4.4 times faster than the
DS. Of course, this ratio depends on the detedor parameters, particularly the dark current, and
could be significantly smaller if advances occur from our assumption of aread noise of 5 eledrons
and dark current of 0.02 e/s.

In genera, however, the density of sources of interest deaeases as one goes to higher spedral
resolution, because of signal to noise limitations. Asuming the source positions are known in
advance, we can make a ©mparison based on Figure 4.1.1-1 for speead in single source
spedroscopy. For example, at R = 1000and Ky < 25, the speed advantage for the DS is about a
fador of 500 If there ae 500 objeds of interest in the field, then the two spedrometer types can
complete the program in the same time; the IFTS with a single long exposure of the whole field
and the DS by doing the objeds squentially through a single dlit.

The time for a program will scde & the number of the faintest objeds in the program — the
integrations on the brighter objeds will be sufficiently shorter that they will not drive the total
time. At 24 < K < 25, there will be roughly 300 objeds within a 2.5arcmin x 2.5 arcmin field of
view (Thompson et al. 1999, so a DS with a single slit would be dightly faster than an IFTS.
With either instrument, the total time for the program would be aout one month. Similarly for 26
< K < 27, there ae aout 800 objeds (Thompson et al. 1999, and the DS is about 200 times
faster on a single objed. Therefore, a multi-objea DS with 4 settable dlits would be roughly as
fast asthe IFTSIif al the objedsin the field were of interest. Obtaining spedra of 800 objeds this
faint is at or even beyond the plausible limits for NGST, yet only a modest multislit capabili ty
makes the DS competitive with the IFTS. We @nclude that a DS with only a few settable dits
would be cmpetitive with or superior to the IFTS for amost any program at R = 100Q

4.1.4 Other issues

In addition, a dispersive spedrometer, either used in spedra single-objed, multi-objed, or
spedra mapping mode, will have several pradicd advantages over the IFTS, espedaly in the
areas of reliability and ease of operation.

4.1.4.1 Reliability and cost

The IFTS must maintain alignment to tolerances on the order of 0.1 microns for the eitire
effedive lifetime of the instrument. In addition, a positioning system of smilar acaracy must be
maintained to move the moving mirror of the multiplex system to produce the spedrum. This
requires very predse beaing and stable servo systems for spaceoperation. Errors in the sample
position of the interferogram have asimilar impad as inacarades in the ruling of a grating. They
produce ghost spedral images and placepower in other spedral locations. Gratings can easly be
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manufadured without these misrulings. The IFTS drive system has to reproduce the ruling engine
acaracy during every observation.

The grism spedrometers we propose below use dispersive dements st on a relatively low
predsion filter whed. Rather than depending on a predse grating medianism to extend spedral
coverage, we do so with multiple grisms, ead fixed in the filter whed. The filter whed
medhanisms $ould be of lower cost than the IFTS drive, because of its lower preasion and
because it will be smilar, probably identicd, to filter whed medanisms that will be used for other
functionsin the ISIM.

Most interferometer systems depend on frequency and mode stabili zed lasers for servo control of
the moving mirror, maintenance of interferometric dignment, and for determination of the mirror
positions for data sampling. Failure of the laser system is caastrophic for the operation of the
interferometer.

4.1.4.2 Detedor properties

Since dispersive spedrometers placesmaller amounts flux on ead pixel they gain speed from a
reduction of read noise for objeds up to S times brighter than multiplex spedrometers. This
means that the observation times will be reduced as the detedor read noise improves for a much
larger range of objeds.

With a read noise of 5 eledrons and a dark current of 0.02 eledrons per second, for exposure
times on the order of 1300 seands the dispersive dark current noise begins to exceeal the read-
noise and bewmes a significant contributor to the total noise. Dispersive spedrometers will
therefore benefit from reductions in the dark current. The IFTS system does not share this benefit
since the source noise overwhelms the dark current for reasonable observing times. Because 5
eledrons read noise and 0.02 e/s dark currents are dose to demonstration now, it is likely that the
comparisons in performance will tilt more toward the DS by the time the detedors are
manufadured for NGST. IFTS spedroscopy, however, is very nea the limits imposed by the high
photon flux on the detedors and cannot exped to adhieve significant gains in performance
through better detedors.

4.2 Sliding ditswith Dispersive Spedrometers
Given the seledion of dispersive spedrometers, we can now consider various implementations of
multi-objed cgpability.

4.2.1 Number of dits
The expeded number densities for a subset of DRM programs requiring NIR and MIR multi-
objed spedroscopy are schematicdly shown in Figures 4.2.1-1& 2 scaded for our ISIM concept’s
fields of view (see §6).
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NIR Number density of DRM programs for our ISIM
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Figure 4.2.1-1 The near infrared (1-5um) number density of the faintest limits for DRM
programs requesting NIR multi-objed spedroscopy. These have been scaled to numbers
per 0.77x0.7, 1.5x%1.5", and 2.5 x2.5 for NIR modules 1, 2, and 3, respedively. The most
demanding programs are the high redshift galaxy spedroscopy.

MIR Number density of DRM programs for our ISIM
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Figure 4.2.1-2 The mid infrared (>5um) number density of DRM programs desiring MIR
multi-objed spedroscopy. Again, these have been scaled to number per 3.4'x3.4° for our
MIR and LIR edchéllette imaging/spedroscopic modules (86.1.6, §6.1.8).
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4.2.2 Sliding Slits

One way to provide variable multi-objed dlit configuration is to have physicd dits which can be
moved into position for ead objed. The performance and degree of complicaion can be judged
from two ground based multi-objed instruments presently planned to use such devices. The HET
low resolution spedrograph will use thirteen individually configurable dits (Hill, et a. 1998.The
units are configured out of the beam and then inserted, allowing for an imaging mode for setup on
faint objeds without disturbing the dlits at all. A more versatile mechanism is that used in FORS1
for the VLT, which has nineteen dlitlet jaws (Bohnherdt, et al. 1995. The width of ead jaw is
made aljustable so the instrument can adjust the dlit widths independently for eat objed. Either
multi-dlitlet configuration will require motorized components.

No cryogenicdly cooled dlitlet medhanism exists. Although there gpeas to be no fundamental
difficulty in adapting a room temperature device for cryogenic use, the overall medanicd
complexity, tight tolerances, and multiple medhanisms would gve one pause in taking this
approach for a high visibility spacemisson. One wuld envision aternate gproades that might
make a spacdlight dlitlet device more palatable, such as flexures as an dternative to dliding
beaings for dlit configuration, and perhaps a linea motor with a servo for positioning. With such
modifications (basicdly, no traditional beaings required), a dlitlet design might be feasible, and
we will useit as a baseline against which we measure other approades.

The dliding dit approad will only provide one dlit per dispersion diredion, as compared to the 2D
mapping of either micromirror (84.3) or microshutter (84.2.3) arrays. This implies the maximal
dit number will be limited by the dlit length and detedor size For example, if there ae threeAiry
FWHM disks per dlit length, and ead pixel isA/(2D), then eadt slit will map to 6 pixelslong, so a
2048<2048 array can acommodate 340 objeds. The smaler 1024x1024 arrays for the mid
infrared modules would allow 1704dlits.

4.2.3 Microshutters

Microshutters are an implementation of multiple dits that can be more flexible than ditlets, since
more than one shutter can be opened along one line of dispersion and more shutters can be
opened at once than would be feasible with dlitlets. They potentialy provide an efficient, high
contrast individual aperture seledion for MOS instruments.

They will be aranged in atwo dimensional array, made up of individual shutters of size ~10Qum
square with expeded filli ng fador up to 80%. This reduced filli ng fador is caused by the presence
of amask to which ead Si shutter’ storsion flexure is conneded. Sincethey work in transmisson,
there is no loss of contrast due to diffradion or scatering off the elges of adjacent unaduated
pixels. They would be operated cryogenicdly. However, they are not yet fully demonstrated.
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4.3 Micromirr or arr ayswith dispersive spedrometers

It has been proposed that versatile multi-objed spedroscopy in a spaceborne instrument can be
best performed by cryogenic micro-mirror arrays, heregter MM A. These devices are key to the
implementation of multi-objed spedroscopy in the yardstick NIR spedrometer

Micromirror arrays were originally developed for commercial projedion devices. It is uncertain
whether they can be alapted to operation at cryogenic temperatures and with the performance
demanded for an astronomicd spedrometer. To probe these issies, NASA has funded two
studies of the feasbility of the MMA devices for the NGST ISIM: 1) slicon approad (P.I.
MadKenty); and 2) GSFC al auminum design, 30K operation temperature, 10Qum pixel pitch,
2048x2048format (Greenhouse).

In brief, the MM A is based on a large number of small silicon or aluminum mirors. Each of them
can be placed by an eledric field in either of two positions, "ON" or "OFF". If the mirror isin the
"ON" position, the light seleded by the micromirror is snt into the spedrograph, whereas in the
"OFF' position, the light is refleded in another diredion, which could either be an imager or a
light trap (e.g., blad surfaceto absorb light and control scatering). Thisis $own schematicaly
in Figure 4.3-1. As with any refledive spedrometer dit, some light will be scatered into the
spedrograph by structure aound an "ON" mirror; in this case the structure is a field of "OFF'
micromirrors and hence may not be optimum for control of this dray light. This issue is avoided
with a conventiona dlit or diding slitlets, since the light pases through the dlit in these caes and
the opaque dit jaws block all off-dit stray light.

We investigated the issue of stray light for two cases: 1) the NGST diffuse IR badground sky
and self-emisson and 2) individual contaminating sources. We define an efficiency parameter,
named “rejedion ratio,” which is smply the ratio between the refledion of a MMA mirror in its
“ON” position and its “OFF’ position. A regjedion ratio of 1001 or 0.01 equates to 1% scatering
off aMMA mirror inits“OFF’ position.
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Figure 4.3-1 Schematic of a micromirr or arr ay device Mirrorstilted in their “ON” position
deliver light to the spedrograph (red lines), whereas, in principle, adjacent mirr ors which
are“OFF” (no abjed), redired thelight far from the spedrograph’sinput aperture.

4.3.1 Regedion of the NGST background sky and self emisson

We cdculated what rejedion ratio criteria must be met to keep the degradation in signal to noise
for a 100, 10,000s exposure to lessthan 10% compared to the cae for a dit, where there would
be no contribution of scatered light from adjacet overlapping sky spedra. Details of the
badkground model and sensitivity cdculations and the micromirror rgjedion cadculations are given
in 8121.1-2 & 8123.1, respedively. The 10,000 second exposure was broken into ten 1000
exposures. Results of these cdculations are summarized with Figures 4.3.1-1 to 3.

Figure 4.3.1-1 shows the cdculations for a nea infrared module. Two sSpedrometer
configurations were studied, eat covering an octave of the spedrum, one from 1.25 to 2.5um
and the second from 2.5 to 5um. We dso assumed a read noise of 5 eledrons, dark current of
0.02¢/s, quantum efficiency of 80%, and instrument efficiency of 50%. We asumed a pixel size
of A/2D at 1.6um = 19 marcsec for the 1.25 — 25um spedrometer and of A/2D at 3.5um for the
2.5 - 5um one. The micromirrors were used to place asource on a 2x2 pixel region of the aray
(in the asence of dispersion). We found that rejedion ratios better than 3001 are required for the
1.25 —2.5um spedrometer and better than 5001 for the 2.5 — 5um one for R=100-100Q Lower
dark currents or larger pixels will im pose tighter constraints. The degradation of signal to noise
scades asthe square root of the rejedion ratio, so aratio of 1001 would degrade the sensitivity by
17% for 1.25 — 25um and by 22% for 2.5 - 5um. In this case, the relatively flat spedrum of the
contaminating light aadossthe spedrometer passands results in a moderately low rejedion ratio
requirement.
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Near Infrared Module (1.25-5um)
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Figure 43.1-1 MM A rgedion ratios required for background reedion in the near
infrared.

Figure 4.3.1-2 shows a similar cdculation for a spedrometer operating between 5 and 1Qum. We
asumed a read noise of 15 eledrons, dark current of 1e/s, quantum efficiency of 25% to 7.5um
and 53% from there to 10um, and instrument efficiency of 50%. The pixel size was A/2D at
9.5um = .103 arcsec and the aeafor the spedrum was a 2x2 set of pixels in the asence of
dispersion. Regjedion ratios better than 10001 are required. The R=100 case for higher dark
current (10e/s) was also modeled. Rejedion ratios better than 5001 are required. NGST
detedors, however, are expeded to med and excedl the lower dark current requirements (<1e/s).

Figure 4.3.1-2 also shows the results if the spedra response of the @ove module is extended
with a second spedrometer to the octave from 10 to 20um. Rejedion ratios of ~ 30,0001 are
needed in this case. This progresson toward tighter requirements on the rejedion of off-dit light
results from the steg rise of the spedrum of the mntaminating light toward the long wavelength
end of the octave over which the spedrometer works. Only a small proportion of the high flux of
photons nea 20um need to be scatered onto the aray to provide asignificant increase in flux at
10um. In general, making micromirrors work well in such a situation will be difficult.
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Mid Infrared Module (5-20um)
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Figure4.3.1-2. Rgedion ratiosrequired for MM Asin themid infrared.

Figure 4.3.1-3 shows another example of this behavior. As in the cae in Figure 4.3.1-2 for
A>10um, there will be tight constraints to block the large NGST badkground over the 20-40um
region.

In summary, regjedion of the diffuse sky badkground and telescope emisson poses constraints for
micromirror performance These @nstraints grow rapidly with wavelength due to the NGST
badkground shape, most likely ruling out a MMA version of a long wavelength multi-objed
spedrometer. Additionally, the higher the spedral resolution, the tighter the constraints on
reflecion. Thirdly, the lower the dark currents and larger the pixels in detedors for A<10um, the
better the micromirrors need to perform.

48



Thermal Infrared Module (20-38um)
——R=100 ==R=1000

1E0l v+

1.E-02 <+ 100:1

1.E-03

1.E-04

Micromirror Rejection Ratio

1.E-05

l-E_OG 1 1 1 1 } 1 1 1 1 } 1 1 1 1 } 1 1 1 1 } 1 1 1 1 } 1 1 1 1 } 1 1 1 1

Wavelength (um)

Figure 4.3.1-3. Rgedion ratiosrequired for MM Asin thefar infrared.

4.3.2 Regedion of contaminating dbjeds

We dso investigated the dfeds of imperfed rejedion of neighboring sources from scatering off a
MMA mirror (i.e., when it is in its "OFF" position) in a hypotheticd NGST spedrometer. We
modeled this effed through a Monte Carlo smulation which computes a distribution of confusing
sources over afairly large aea aound atarget objed’s dit.

We dose the DRM of evolution of faint field galaxies at high redshift as our example. For this
DRM, many spedra ae required in the nea infrared where the MMA works the best. This
problem is acdually a fairly general test of the performance of MM AS, since they only provide an
important advantage when there ae many faint sources of interest within the field of the
instrument. If, in comparison, the sources are relatively bright, then the penalty in telescope time
to observe them one & atime is modest.

Simulated instrument parameters, badkground source distribution, and criteria for contamination
are given in 8123.2, and were summerized briefly in the precaling sedion. We cdculated the
number of times the target’s gedra was deamed invalid, due to the mnfusion of an overlapping
source ®@ntributing 10% of its flux, as a function of resolution and survey limiting magnitude for
several micromirror rejedion ratios.

Figures 4.3.2-1 to 4.3.2-3 illustrate the dfed of the @nfusing sources on the sky for R=100,

100Q 300Q Three rejedion ratios of the micromirrors, namely 0.01, 0.001 and 0.0001 are
plotted. The source density is defined as the number of confusing sources brighter than the target
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per given area They have been scded for a 4'x4' field of view. Equivalently, one can read off the
source density per 4'x4' FOV and relate that value to a target brightness since the source density
is that defined for integrated objeds brighter than the target. This is down in the upper axis
where the target's AB magnitude is plotted.
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Figure 4.3.2-1 shows what happens at R=100 50% contamination is reached for target
magnitudes of AB=29.4 for 1% reedion by the micromirrors. This is unacceptable for
NGST limiting sensitivity predictions of AB=34. High rejedion ratios are required,
approaching 10001. Thus, the requirement to avad overlapping spedra results in a
similar, or dightly stricter, requirement on thereedion ratio in the 1-5um range mmpared
with the neal to rged diffuse background.
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Figure 4.3.2-2 shows a similar calculation for R=100Q 50% contamination is met for target
magnitudes of AB=24.5, 258, and 291 for 1%, 0.1% and 0.01% reedion by the
micromirr ors, respedively. Even at 0.01% rejedion, the level at which this high level of
contamination occursis above the detedion limit for deg exposuresat AB ~ 31

The trend in these figures continues toward higher resolution. For example, at R=300Q 50%
contamination is reated for target magnitudes of AB=24.1, 24.5, and 259 for 1%, 0.1% and
0.01% rejedion by the micromirrors, respedively. These limits are far above the detedion limits
at thisresolution (at K(2.2um), Mag ~ Myohrson + 2).

Figures 4.3.2.-3 and 4 illustrate the dfed of spedra resolution for two moderately deep
Spedroscopic surveys.
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Figure 4.3.2-3 is based on the expeded number of sources brighter than AB=24 (~1700
galaxied4'x4'). 50% contamination is reached for R=1500 and R=4700for r g edion ratios
1% and 0.1%, respedively.
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Figure 4.3.2-4 is based on the expeded number of sources brighter than AB=28 (~5000
galaxies/4'x4'). 50% contamination isreached for R=500, R=160Q and R>5000for r g edion
ratios 1%, 0.1%, and 0.01%, respedively.
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In summary, rejedion of confusing sources will be a major concern for a MMA fed MOS
instrument with rejedion ratios nea 1%. Again, as concluded by independent cdculations for
rgedion of the diffuse sky badkground, the higher the spedral resolution, the tighter the
constraints on the MM A performance (i.e., neal lower rejedion ratios). In particular, at R=100Q
we suggest that the rejedion ratios neal to be gredaer than 10,0001 to read targeted NGST
sengitivities at AB=34. In genera, the rejedion ratios to prevent serious overlap of the source
spedra ae higher than those required to preserve the intrinsic signal to noise without significant
degradation due to extra badground emisson reading the detedor.
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5.0 Effeds of telescope mncept on the ISIM
We discuss ®me isaues related to the telescope design that can strongly affed the scientific and
potential operation of the ISIM instruments.

5.1 Impact of a non-deformable-mirr or telescope architedure

Due to the envisioned deployable nature of NGST, the observatory will require adive cntrol to
align and maintain alignment of the segments. In the yardstick telescope design, coarse dignment
and adjustment are provided by aduators behind the primary, while fine wavefront control is
provided by a separate deformable mirror (DM).

There ae severa lightweight opticad materials being tested for NGST. The concept developed by
Jm Burge & the University of Arizona dlows a high density padking of cryogenic aduators
behind a glassmembrane mirror (~20000ver the primary areg, which removes the nead for a DM
to med the wavefront control requirements. The mncept is to corred the primary mirror itself,
rather to attempt to compensate for its errors. Primary mirror (PM) aduators are intrinsicdly less
risky than deformable mirror becaise PM aduators nominally apply no corredive force and there
is more spaceto enginea redundancy. Although Burge's development is for a glass membrane
mirror, it would appea feasible to use this asped of his concept with other mirror materials.

The smulations and analysis of the surface erors in the primary mirror segment support this
approach. The opticd design is wown in Figure 5.1-1. It consists of a 8.4m primary, a @nvex
seoondary, a wncave tertiary, and a flat fast steaing mirror. The basic telescope parameters are
listed in Table 5.1-1. This design yields awell correded FOV (Figure 5.1-2) and smulations and
lab test data show that it is diffradion limited to 200m (Fig 5.1-3). For visble and infrared
science, no gain would be made from using even an ided deformable mirror. This telescope
architedure dlows wide field imagers to be placal in the telescope focd plane for large field
surveys, as discussed in more detail in 85.2.
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Figure 5.1-1 Design of NGST telescope giving 20 acmin field. The dense packing o the
primary mirror actuators allows for a well corr eded field of view. A steeing mirror at a
pupil allowsthefield to be placed on various instrument modules.

Primary mirror

8.4m diameter, f/1.14

Secondary mirror

73 cm convex hyperboloid

Tertiary mirror

86 cm concave dli psoid

Stegingmirror

10x12cm flat, tilted 15°, located at pupl and at
center of focal surface

Focal surface

Spherical, concentric with steging mirror

Table 5.1-1 Basic telescope parameters for non-DM telescope architedure.
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Figure 5.1-3 The telescope design shown in Figure 5.1-1 provides diffraction limited
imaging down to 200hm.

The steaing mirror coincides with an image of the stop, otherwise occupied by the DM, and it

also lies at the center of the sphericd focd plane. This alows the line of sight to be steered by
extremely large angles by moving this mirror, with the telescope fixed in space
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Figure 5.1-4 Illustrative schematic of the NGST telescope FOV for the non-DM telescope
design. This design gives a large (21.6 arcmin diameter) well-corr eded FOV. There is
ample room for wide field imagersin addition to acolledion of dedicated modules for high
resolution imaging and spedroscopy. The latter FOVs are shown re-imaged after their
respedive relay gptics. Other telescope architedures will give different FOVs which will
determinethe largest field for these dired imager mosaics.

Figure 5.1-4 illustrates the flexibility in instrument placement around the foca plane that can be
adhieved with such a steering mirror.

5.2 Largefield imagers
As simmearized in 81.2, more than 200 days of the core DRM is pent in degp surveying a nea
infrared and visible wavelengths. In fad more than half the total observing time for this part of the
DRM is used in these surveys. Therefore, it is a high priority to provide alarge imaging field of
view to survey efficiently.

In 85.1, we show that alarge and well correded field of view can be obtained with NGST if the
full wavefront corredion is carried out with the primary (or primary plus swndary) mirror. The
key to straightforward implementation of a wide field option isto place asmple steaing mirror at
a pupl (where otherwise one might need to place adeformable mirror) and to use this mirror to
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dired the beam to an appropriate wide field instrument module (85.1). The focd plane scde in
this module is just that for the telescope itself. For an 8m telescope a /24, the scde is about 1.1
marcsedpum, so the 2um diffradion limited image FWHM is 47um in diameter.

We have asumed that the detedor arrays that would be used in the wide field modules would
have pixels of about 20um size This szeis based on current manufaduring pradice, as well as
our desire to limit the number of cosmic ray hits on a pixel so that long integrations can be
obtained. However, the projeded size on the sky of ~ 22 marcsec is sgnificantly smaller than
would be ided for alarge field imager for NGST. Unfortunately, as siown in 89, the st of these
modulesis also quite high becaiuse of the large number of arrays that must be purchased.

5.3 Faster Cas®grain designs

We have caried out only a brief exploration of the dfed of afaster telescope on the padkaging of
the rest of the ISIM. Based on two previous case studies, we believe that a faster f/ratio may
improve the padaging of these instruments. For example, in the cae of SIRTF, it was found that
the instruments could be made more mmpad when the telescope design was changed from /24
to f/12. The aurrent instruments could probably not be padkaged in the existing volume & /24. A
seoond example is large (6.5-10m) ground based telescopes. We (Rieke 1987 conducted a
careful optimization of the wnfiguration for the Magellan Telescope that showed that /15 was
superior to f/24. Independently, the Gemini projed has dedded that /16 was more optimum than
dower f/numbers. One of the important considerations in both studies was the delivered image
quality in redistic instruments.

A faster telescope design also provides a more satisfadory pixel scde for the large field imagers
(85.2) such that they would reat the badkground limit quickly. Thus, for this application,
telescope f/numbers of 12 to 16 would be better than the f/24 baseline. In addition, with a faster
telescope fewer arrays would be nealed to provide the equivalent field of view, substantialy
reducing the price of the wide field modules (89.4). Thus, we believe that a faster telescope is
virtually arequirement if NGST isto be well optimized for large field surveying.
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6.0 Our ISIM concept

Our philosophy is to design the ISIM composed of a number of modules, ead of which is
relatively smple. To the gredest extent possble, we limit the number of observing modes and
cgpabilities for ead individual module to optimize performance and at the same time minimize
complexity, cost and risk. We dso strive for redundancy in cgpabilities among the individual
modules, when feasible. The modularity allows relatively essy modificaions at later stages, and
incremental descopes, if necessary. We have, in fad, intentionally considered more modules than
would probably be gpropriate for the final 1ISIM design, so that we @uld evaluate dternatives
and bring them to the dtention of the projed. After a description of all the individual modules
studied, we will i dentify the spedfic ones we have seleded for an ISIM that provides the best
compromise between cost and capabili ties.

6.1 General description of sub modules

A summary of the capabili ties and formats of the modules we have studied is given in Tables 6.1-1
& 2. Not all of these modules would be included in the final 1SIM: the ultimate choice of which of
these modules would be best to build will be based on a trade of scientific priorities, detedor and
cooler technology, spacecaft and telescope performance, and cost.

Visible NIR NIR NIR MIR MIR/LIR LIR
Imager | Modulel Module 2 Module 3 im/spec Echell ette* im/spec
Imaging A (um) | 0.4-1 1-2.3 2.35 2.35 5-27 5-25,18-35 | 20-34
Spedroscopy 1255 1255 1255 5-27 5-18, 17-35 20-34
A (um)
Nyquist A (um) | 0.5 15 3.4 5.7 8 155 27
Detedor SiPIN | HgCdTe HgCdTe HgCdTe Si:As Si:As, Si:P Si:P
hybrid
Detedor <60K <60K <60K <60K <10K <8K 8K
Temperature
Pixel size 18um 18um 18um 18um 27um 27um 50um
Format 10246 | 2048 2048 2048 1024 1024 512
Field ('x) 1.1x1.1 | 0.7x0.7 1.5x1.5 2.5x2.5 1.8x1.8 3.4x3.4 3x3
Spedroscopic Imaging | 100, 100Q | 100 100Q | 100 100Q | 100 500 | 100 500 500 1000
Resolution 3000 3000 3000 1000 500 1000
1000 | 3000
3000

Table 6.1-1 Summary of optical design parametersfor 1SIM modulesunder study requiring
relay optics. At the Nyquist wavelength, pixels are A/(2D) in size. Modules not retained in

thefinal seledion are shaded.
*Two identical modules except for detedor type, filters, and spedral e ements.
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Wide field visible imager Wide fied NIR imager

A Imaging (um)  0.4-0.8 1-2.5
Nyquist A (um) 0.7 1.8
Detedor Bx10 mosaic 2kx2k Bx10 mosaic 2kx2k

S| PIN detedors or HgCdTe FPAs

10x10 mosaic 4kx4k

CMOS detedors
Pixel size 18um or 7um 18um
FOV ('x) B6.2x7.7 or 6x6 6.2x7.7
Filters Broad band Broad band

Table 6.1-2 Parametersfor proposed wide field imagers.

In al the opticd designs srown below, light is colleded by the telescope and brought to a focus
from the left. The verticd line indicaes the size and position of this telescope focd plane. Light
then proceals to the right to a pupl, which is where dl of the rays intersed at another line, often
at an angle from verticd. This is where afilter whed (FW) (or wheds) is located, cooled to an
appropriate operating temperature. The rays then proceed, through mirrors or lenses to a final
focus, where the focd plane aray (FPA) islocaed. An enclosing light tight box (not shown), also
cooled, surrounds all optics after the filter whed.

For the multi-objed modules, the medhanisms for providing multi-objed spedroscopy are not
explicitly shown. Transmissve multi-dit or microshutter devices can be placel at the re-imaged
telescope focd plane with no additional elements. A refledive micromirror device would require
additional flats for relaying the field from the telescope into the module.

We now discussthe individual modules. Further details can be found in §124.

6.1.1 Visible light imager

Although a telescope that is only diffradion limited to 2um may not need Nyquist sampling in the
visible, some telescope mncepts are cgable of adieving the diffradion limit to much shorter
wavelengths (e.g., 85.1). We have therefore designed a visible light module that would take
advantage of thisimaging performance We designed relay optics assuming 18 micron pixels. This
value is the likely to be the smallest possble for non-CCD detedors (e.g., Si PIN diodes, see
82.1.3), and is eadly attainable with CCDs. We therefore require re-imaging optics to /72 for
Nyquist sampling at 0.5um. Refledive designs are possble but the resulting module is large. We
chose insteal refradive optics. The overal design is diown in Figure 6.1.1-1. It has been
optimized to yield dffradion limited images aaossthe full field down to 0.5um.
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Figure 6.1.1-1 Visible Light Imager. The system is a six lens refractive design composed of
smple lenses. From left to right, the components are PSK53A, F7, LASF36A, LASF36A,
K2FSN5,and PK51A. These lenses form a pupil (~10mm diameter) where a filter whed
would be placed.

6.1.2 Widefield visible light imager

For aDM-lessdesign (85.1), one can envision additional wide field imagers placed dredly in the
telescope focd plane with no re-imaging optics. Thus, a mosaic of visible light detedors could
adiieve avery wide field-of-view. This module, primarily designed for survey science, would
possessa limited filter asortment. One can envision mounting a pattern of broadband filters to the
arrays or afilter seledor similar to a juke box medianism. To Nyquist sample & 0.7microns, the
pixel size should be 7 microns at f/24. However, the telescope images will probably not be & the
diffradion limit (seeFigure 1.2.1.1-1), so 20um pixels are likely to be adequate.

CCDs can easly be fabricaed with either pixel size and a very wide field (up to 6x8 arcmin)
obtained. Baffling is criticd so that the CCDs can be run warm (150K) without swamping the IR
and mid-IR modules.

Hybrid Si PIN diode detedors run at 60K, would be smilar operationaly to the nea-IR FPAS,
and can be fabricaed with 18 micron pixels (see 8§2.1.3). A single 2kx2k chip would provide a
field of about 40 arcsec on a side, and might be very well matched to the intrinsic telescope
resolution. These detedors would operate & low enough temperature that they would pose no
unique problems for baffling.

CMOS detedors are dso now only fabricaed with larger than optimal pixels but could in
principle be made with 7-9 micron pixels However, the fill fadtors would suffer even more than at
present asthe pixels are deaeased in size

The telemetry requirements of this module exceed the yardstick by a large fador. The most likely
solution is to use this module in a very limited set of observing modes, with a grea ded of on-
board processng. For example, it could be used for very long exposures only, with most of the
cosmic ray rejedion done on board before downloading.
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A criticd design isaue for this module is the &bility to baffle scatered light from the sky. First
order baffling would be acomplished by pladng a stop at the pugl on the fast steaing mirror in
the UofA telescope design (85.1), and similar measures can be taken for other telescope designs.
However, baffle design detail s depend on the spacecaft and telescope achitedure alopted.

We dedded therefore that it was premature to invest our study resources in generating a spedfic
baffle design. However, we aticipate that there might be red differences among architecures
being considered in the aility to baffle scatered light and therefore in the ultimate performance of
this module, and the proposed NIR wide field imager (86.1.4).

6.1.3 Near infrared modules

We investigated two different designs for the nea-IR modules: a refradive design (NIR module
1), and afully refledive design (NIR modules 2 & 3) The refradive design is sgnificantly smaller.
We envisage several NIR modules would be built with different plate scdes, in order to Nyquist
sample the NGST images over the full 1-5um wavelength range. The modules’ charaderistics are
listed in Table 6.1-1. Each will provide high resolution imaging and multi-objed spedroscopy via
grisms with a arresponding slit mask.

The NIR module 1 five dement refradive opticd system (Figure 6.1.3-1), composed of simple
BaF, and SF6 infrared dasses, provides diffradion limited images aaoss the whole detedor
FOV, illustrated with sample spot diagrams (Figure 6.1.3-2) and the cdculated RMS WFE
(wavefront error) aaossthe field (Figure 6.1.3-3). The refledive design of NIR modules 2 &3 is
shown in Figure 6.1.3-4.

Telescope focd plane

pupl
\ v e

I mia—

Detedor

e —

T/

Figure 6.1.3-1 Design of NIR module 1. This module is used for high spatial resolution
imaging and multi-objed spedroscopy over the 1-2.3um region. The overall length of this
module from re-imaged telescope focal planeto detedor is450mm, compared to an optimal
folded 900mm effedive length for therefractive NIR module 2 (Figure 6.1.3-4).
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Figure 6.1.3-2 Spot diagrams for NIR module 1 for on axis, intermediate and corner of
field. A 4 pixel diameter circle indicating the Airy disk diameter at 1.5um is $own in each
spot diagram. The FOV of thismoduleis 0.7’ x0.7".
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Figure 6.1.3-3 Calculated RMS wavefront error for NIR module 1. The system is
diffraction limited acrossthe field (+Y field 26.00mm is at the wrner of a Zx2k detedor)
for wavelengths 1.25-2.3um.
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Figure 6.1.3-4 Design of NIR modules 2 and 3 (two nearly identical units). These modules
will provide high spatial resolution from 2.3-5um and wide field imaging over 2.3-5um with
pixels of A/2D at 3.4um and 5.7um, respedively. The larger pixel size for NIR module 3
helps optimize this module for spedroscopy.

The refledive design, shown above in Figure 6.1.3-4 for NIR modules 2 & 3 is replicaed in the
opticd designs of the longer wavelength modules. Each system contains four mirrors, which
together provide abetter collimated space(systems work at high f/#) and an accessble pupl for
placement of filter wheds. The system also provides more degrees of freedom to optimize the
image quality over alarger field of view. For multi-dlit work, where large fields and good imagery
aaoss the fields are important, this design aceomplishes both. Additionally, in principle, it is
potentially easier to align. The drawbad is having an additional component over the more
common threemirror (the simplest system to corred all basic aerrations) approad.

All threeNIR modules will provide R=100, 300, 3000 multi-objed spedroscopy with grisms and
a orresponding dit mask. Details of a posshle suite of grisms simmarizing resolutions and
spedral coverage aegivenin 8124 Table 12.4-2.

Since much of the @re science requires multi-objed spedroscopy of faint objeds, maximizing the
field-of-view of the spedrometers is important. We note that if we want to increase the field-of-
view of an individual module by say a fador of 4, the volume of that module increases by roughly
the aube of 2, or 8.

However, with the large focd plane of the DM-lessdesign (85.1), it is possble to have 4 copies
of a module and adhieve the fador of 4 increase in FOV, with only a fador of 4 increase in
volume. This is a most attradive gproadh for a refradive instrument, whose size is more
compad.
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6.1.4 Widefield near infrared imager.

A very interesting possbility is to pave the telescope foca plane with 2kx2k HgCdTe arays (18
pm pixels) in the DM-lessdesign. This could gve 6x8 arcmin FOV, Nyquist sampled at 1.8um
wavelength (0.023 arcsec pixels). As with the wide field visible imager (86.1.2), this camera
would have esentialy no re-imaging optics, and limited filter asortment.

The st and lead-time for producing the 100 or so flight qualified FPAS required for this module
may be prohibitive. Similar concerns exist aready for the yardstick 1SIM which requires 80 InSb
arrays, which may be more difficult to produce than HgCdTe. However, if the Cassegrain f/ratio
is deaeased, then a similar field of view can be imaged with dlightly greaer than Nyquist-sized
pixels and at much lesscost, because fewer arrays are required. This module dso raises telemetry
bandwidth issues smilar to those dready discussed for the wide field visible option.

6.1.5 Mid-IR wavelength imager/spedrometer

We design for a 1024x1024 Si:As BiB array with 27um pixels. The operating temperature for
these detedors is 8-10K so that this module requires adive ayogenic cooling. The QE of the
Si:As detedor is good between 8 and 27 microns. Between 5 and 8um, the adievable sensitivity
will be somewhat compromised by the drop in QE for Si:As IBC detedors, and the fad that InSb
and high performance HgCdTe detedors do not work beyond about 5.5um.

For the dired imager, we diose Nyquist sampling at A=8um, resulting in 0.103 arcsec per pixel
and a FOV of 1.8x1.8 arcmin®. This results in accetable sampling over the 5-27 micron range,
oversampling by afador of 3.4 at the extreme end, 27 microns, and undersampling by a fador of
1.6 a the blue end. The overal design is $own in Figure 6.1.5-1. It is a relatively compad
design, comparable in sizeto NIR Modules 2 & 3.

Detedor

Telescope focd
plane

Figure 6.1.5-1 Design of the mid-IR imager and spedrometer.

A seledion of broad band filters is required to give @lor information over this broad spedral
range. A limited number of narrow band imaging (1% filters) can also be provided. Shortward of
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30 microns, the SIRTF experience has $iown that interference filters are available from a number
of commercia vendors.

This module will also feaure grisms for single and/or multi-objed R=100 500 and 1000
spedroscopy, with a @rresponding slit mask at the re-imaged telescope focd plane. R=100 will

be best for spedrophotometry of the faintest objeds. R=500 is required for some gplications,

such as the nebular diagnostic emisson line studies in high redshift galaxies. R=1000will aid in
detailed studies of bright objeds, primarily Galadic sources. Details of a possble suite of grisms
summarizing resolutions and spedral coverage ae givenin 8124, Table 12.4-2.

At present, the design is not fully optimized, as we dedded the mid-IR crossdispersed edellette
module (86.1.6) could serve both for its original design for R=3000 crossdispersed spedroscopy
and also provide the imaging and low to moderate resolution capabili ties of this mid-IR imager &
spedrometer.

6.1.6 Mid-IR echellette spedrometer/imager

The proto-star DRM program (one of the seven highest priority programs), would highly benefit
from R>3000 spedroscopy over the A=6-30um region, in particular with spedroscopy covering
the 12, 17, and 28.1m H; lines. To cover this wavelength range & this resolution, an instrument
module would require many high index grisms with steg angles. A better alternative isto use a
crossdispersed spedrograph to provide the high resolution spedra with large wavelength
coverage but only a few grisms. We show now the designs for four edellettes, the third and
fourth discussed as part of the long wavelength imager & spedrometer (86.1.8).

The term “edhellette” refers to dispersing elements where tan(6s) < 1, where 6g is the
grating/grism blaze agle. Echellettes are used in orders ~5-20, that is, moderate dispersion. In
comparison, high resolution edhelles are used in orders >20 or so and typicdly have tan(8g)=2.
These edellette designs are for single dlit.

We design for a 1024x1024 Si:As BiB array with 27um pixels, operated at 8K. Our designs
feaure amulti-order edhellette grism spedrograph with grism crossdisperser. Since this design
also relies on grisms placel in the filter whed, this module can replacethe Mid-IR imager &
spedrometer (86.1.5) after populating the filter whed with lower resolution grisms. This has
attradive @st reductions as simmerized in §89.4. The opticd design of this module is $own in
Figure 6.1.6-1. Spot diagrams are virtually identicd to the smilar design for a long wavelength
imager and shown in Figures 6.1.7-2 and 6.1.7-3.
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Figure 6.1.6-1 Mid-IR edhellette spedrometer optical layout. A 38mm diameter pupil can
locate the grisms for R=100-1000spedroscopy, aswell asa grism plus grism crossdisperser
for R=3000 coverage over the 5-17um region, using two combinations. The module is the
largest of them all, measuring approximately 1.7m in length in thisfolded configuration.

We undersample the spatia resolution, and use 0.4 arcsec dit width projeded onto 2-3 pixels.
Using grisms provides a cmpad form, previously only attainable with lower dispersion prism
crossdispersers, as well as enough dispersion in the mid-IR to give adequate order separation. A
similar instrument, built for the NIR (1-2.5um), has been succesgul at implementing this approach
to an all-grism based crossdispersed spedrograph (McGregor, et a. 1994). The grisms required
will necesgtate the need for high index material, if we opt to keep the pupl size the same. For our
38mm diameter pupl, we have found that KRS-5 grisms will work adequetely, although moving
to higher index material (e.g., Si or Ge) might relax the stegp angles required for the >10um
wavelength echell ettes.

The 1024x1024 pxel format of the detedor then alows the 5.2-18.75 micron range to be
covered with 2 edhellette/crossdisperser choices. Two additional edhellettes, part of the long IR
imager & spedrometer (86.1.7), would extend this coverage to 35um for use with a Si:P array.
Figures 6.1.6-2 illustrates the two dimensional spedral layout at detedor. Details of the grism
parameters used in generating these plots are given in 8124, Table 12.4-3.
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NGST MW Echelle .20 - 10.40 um (#1.2) NGST MW Echelle 10.19 - 18.¥5 um (2.2)
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order 13
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Figure 6.1.6-2 lllustration of proposed two dimension spedra for R=3000 crossdispersed
edellette. The left image shows orders 7-13 covering 520-10.4pum on a 10241024 pixel
array. The right image shows orders 10-16 covering 1019-18.75um. These fixed formats
each require one edelle grism and one aossdispersing grism, both optimized for the
wavelength regions. They can be placed in paralle with two filter wheds at the pupil
position.

6.1.7 Long wavelength imager/spedrometer

We design for a 512512 pxel BIB/IBC array with 50um pixels, using Si:P BIB detedors. The
design would be unchanged with a 1024x1024array with 27um pixels. The short wavelength limit
is 20 microns. This provides sibstantial overlap and redundancy in the 20-27 micron region with
the Si:As mid-IR modules, but with pixels szed for the longer wavelengths. The long wavelength
module ait-off will be limited by the dosen detedor. Since we recommend using an Si:P IBC
array (82.3.2), thiswill be aound 33-34um.

We dhoose Nyquist sampled images at A=27um, resulting in a plate scde of 0.387 arcsec per pixel
and total FOV of 3x3 arcmin?. The design is shown in Figure 6.1.7-1. Examples of spot diagrams
for rays at center and edges of the field as well as the WFE aaossthe detedor are ill ustrated by
Figures6.1.7-2 & 3.
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Figure 6.1.7-1 Optical layout for the long wavelength imager/spedrometer. This module is
the seoond largest, measuring aout 1.5m in length in its folded position. It has a 40mm
diameter pupil.
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Figure 6.1.7-2 Spot diagrams for optimized optical design for center and edges of field on a
512x512 detedor. A 4.8 pixel diameter circle indicating the Airy disk diameter at 27um is
shown in each spot diagram.
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Figure 6.1.7-3 RM S wavefront error acrossthe 512x512 aray. The system is diffraction
limited at all wavelengths.

The module will provide single or multi-objed grism spedroscopy with a dlit mask for R=500 and
R=100Q With our design (40mm diameter pupl), the highest resolution suggested for a KRS-5
grism would be R~300Q with prism angle nea 60° and 42 I/mm Higher spedral resolution
grisms would be possble with a higher index material, but we found no other promising
candidates that transmit longward of 20 microns (8125, Figure 8125.1-1). The suggested grism
complement for this module, along with resolutions and wavelength ranges is given in 8124
(Table 12.4-2).

6.1.8 Long wavelength echellette spedrometer /imager

Stemming from our preliminary work on a onceptual design for a aossdispersed gism
ednellette for the mid-IR (86.1.6), we redized that this identicad design could be adapted to the
requirements of the long wavelength imager and spedrometer. We present a design of a R=3000
dual edelette mvering the 17-35um range, to complement the two Mid-IR edellette
configurations. Figure 6.1.8-1 ill ustrates the two dimensional spedral layout a detedor. Details
of the grism parameters used in generating these plots are given in 8124, Table 12.4-3. With our
design (38mm diameter pupl), the highest resolution suggested for a KRS-5 grism would be
R~300Q with prism angle nea 60° and 42 I/mm. Higher spedral resolution grisms would be
possble with a higher index material, but we found no other promising candidates that transmit
longward of 20 microns (8125, Figure §125.1-1).

We design for a 512512 pxel BIB/IBC array with 50um pixels, using Si:P BIB detedors, or a

1024x1024 array with 27um pixels. Either type of array is stisfadory. The 10241024 array
might be of lower cost becaise it has a high degree of commonality with the 1024x1024 Si:As
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BIB/IBC array. The optica design can ke identicd with that in Figure 6.1.6-1. Spot diagrams are
very smilar to those described in Figure 6.1.7-2 and 6.1.7-3.

Asfor the LIR module, this module will provide single or multi-objed grism spedroscopy as well

as a high resolution mode. The lower spedral resolution gives a single exposure cverage of the
entire wavelength region of the module. KRS-5 grisms can be fabricated with acceptable ruling
requirements and prism angles. This "spedral energy distribution” mode will be used to measure
the overall thermal dust emisson SED, and has adequate spedral resolution to resolve broad dust
and PAH feduresin the mid-IR. Lower resolution (R<500) grisms are not necessary in this
module, since a these wavelengths the thermal bad<ground from the telescope and sunshade
dominates the detedor noise. Hence lower dispersion SEDs for faint sources can be obtained by
binning, at no penalty in S/N. The R=1000mode is desired for detailed study of spedralines,
notable H,. Multi-objed spedroscopy could be implemented with microshutters or sliding Isits (as
shown in 84.3, micromirrors probably will have inadequate performance). The suggested grism
complement for this module, along with resolutions and wavelength ranges is given in 8125
(Table 12.5-2). The module can also serve dl the imaging programs by removing the grisms and

dits from the beam.

NGST LW Echellette 16.8 - 28.5 um

NGST LW Echellette 20.6 - 35.0 um

2850 pm

3500 pm

—

—

S
B

- order 19

20,63 pm ‘

Figure 6.1.8-1 lllustration of proposed two dimension spedra for R=3000 crossdispersed
mode of the long wavelength imager & spedrometer. Two grisms are used to cover 16.8 to
185 and 20.6 to 350um respedively, using either a 514512 5@um pixel or a 10241024

27um pixel arr ay.
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6.1.9 Summary

The various module designs explore avariety of posshilities, and ead is optimized for somewhat
different applications. However, for reasons of cost as well as overall 1SIM complexity it would
be inadvisable to build all of them. We have seleded a subset that we believe provide NGST with
the best compromise between cost and cgpabilities. A consideration in these seledionsis that two
identicd or nealy identicad modules will cost lessthan two modules of different design.

We would recommend an ISIM with:

» avisblelight imager, if the telescope provides adequately good images,

* NIR modules 1-3 to provide optimized cgpabilities over the prime wavelength range of
NGST; and

» two identicd (except for detedor type) edhellettes to provide imaging and spedroscopy from
5 to 35um.

Further optimization could consider whether the NIR modules could all have smilar designs, to
reducetheir overall cost. We would aso include both

» visble and

* nea infrared wide field imagers,

and we asume that the telescope Cassegrain f/ratio would be aljusted to bring the costs of these
imagers down within the dfordable range.

6.1.10 Comparison of DRM integration time with the yardstick.

We have estimated the relative integration times to achieve the DRM with our ISIM and with the
yardstick. The basic result was that our 1SIM required only about 2/3 the time & the yardstick. In
this particular comparison, it was predicted that improving the sampling in the MIR
edhellette/imager would increase the speal in completing the DRM despite the penalty in field of
view. This gain depends criticadly on the exad mix of science programs and further study would
be alvisable before implementing it. However, a much larger gain resulted from out inclusion of a
wide field nea infrared imager. A more modest gain also resulted from the wide field visible
imager. We onclude that the projed should consider serioudy both of these capabilities, and
particularly the nea infrared one.

In addition to itsimproved performance on the DRM, our proposed ISIM has greder wavelength
coverage ompared with the yardstick, extending down to 0.4um and out to 35um. Its
spedrometers for the MIR and LIR are dso much more cgable than the one proposed for the
yardstick.
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6.2 Opto-medanical design

Drawings $rowing how our ISIM fits into the NGST observatory are shown in Figures 6.2-1 and
6.2-2. We seleded the LM OTA reference design, but padkaging our ISIM with the Goddard
yardstick OTA would result in a smilarly looking observatory. We omitted the radiators that cool
the ISIM in al of the diagrams in this sdion in order to enable the mmponents to be seen.
Radiator geometry is discussed in § 6.3.

We seleded the ISIM structure gppropriate for the Lockheed Martin OTA design, but note that
other candidate telescope designs are mmpatible with our ISIM. The alvantages of the Lockheed
Martin OTA include alarge 22m® ISIM volume. Figures 6.2-3 and 4 show the path of rays from
the secondary telescope mirror (from the right) as they travel to the tertiary mirror, next to a fold
mirror, to the fast steeing mirror, to another fold mirror, and then into the ISIM. Note that only
the tertiary mirror intrudes into the ISIM volume, and even so only at the front of the ISIM. This
allows us to flexibly placel SIM instrument modules within the ISIM volume, and to satisfy other
constraints imposed by medhanicd and thermal interfaces.

For our padkaging concept, we included the six modules plus two wide field imagers designated
in Table 6.1-1. We oversized the tertiary and subsequent OTA mirrors to enable an even larger
field of view, from4 x 10 arcminto 6 x 30 arcmin. These dhanges are expeded to have aminimal
system impad. As eat module has its own opticd bench, they may be opticdly aligned and
tested for medhanicd integrity independently. A disadvantage is that the overal mass can be
greder than an integrated design which allows instruments to share a @mmon bench. Modularity
isaues are discussed in more detail in §7.1.
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Figure 6.2-1 Our ISIM, occupying the space within the framed structure, integrated with
the entire NGST observatory. ThelSIM radiatorsare suppressd for clarity.
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Figure 6.2-2 Expanded view of Figure 6.2-1, centered on telescope focal plane. Note the
magenta colored box cooled to 15K, enclosing the MIR and LIR detedors.
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Figure 6.2-3 ISIM structure (blue) in the LM OTA design where only the tertiary mirr or
(red) intrudes into the ISIM volume. Our module @ncept (green) fits nicdy into the
spacious ISIM volume.
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Figure 6.2-4. Figure 6.2-3 has been rotated by 90 degrees along the telescope optical axis.
This allows identification of rays intercepted by each module from the airved telescope
focal plane. Theboundary of aradiator (in orange) is srown for r eference

Although we have not done a @mplete padkaging assessnent, a preliminary examination indicates
that the entire complement could also be fit into the smaller 11m® 1SIM volume provided by OTA
configurations such as the drop-led telescope. However, substantially lessroom is left over for
other functions.

The telescope focd plane is 6x30 arcmin® and is underpopulated by the instrument suite. This is
shown in Figure 6.2-5, where the mlor coded fields of view of ead instrument module ae shown
to scde. This figure dso indicaes the relative placement of the FOVs. The long wavelength and
mid-IR wavelength modules are placed on the left side of the diagram to provide a ontinuous
volume for the 15K and lower temperatures they require. The boundary of the 15 K region is
shown in a tranducent pink color. The pulse tube extends into this region to provide necessary
cooling. Our modular design gives us the flexibility to move FOVs about the telescope focd
plane, to alow more instruments, or arrays at the focd plane for other OTA designs.
Alternatively, we may repadage our strawman complement in a telescope with a smilar field of
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view down to the equivalent of 6 arcmin by 18 arcmin. The instrument padkaging is $rown from
the sidein Figure 6.2-6.

NIR
Module 1

Wide field
NIR imager

Wide field
visble

High res
visible
imager

NIR
Module 3

NIR
Module 2

edelete

Figure 6.2-5 Overview of theSIM package with the instrument modulesindicated.

We have gone to some dfort to padkage the instrument complement in a redistic way. Fold
mirrors have been inserted into the instrument modules to provide acompad volume axd to co-
locae detedors requiring cooling below 40K. This reduces the cryo-cooler cooling load and
eases thermal management as discussed in §6.3.
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Figure 6.2-6. Side view of the ISIM package.

We present a dose-up view of the long wavelength imager and spedrometer module (or the MIR
and LIR edhellettes, which are similar) in Figure 6.2-7. The diagram illustrates the physicd layout
of the opticd bench and the mounting structure for the mirrors and the filter whed. The telescope
focd plane @rresponding to this module's 3x3 arcminute” FOV is sown as a dark blue square.
The rays grike a ollimating mirror, and are refleded bad to a pupl where al2 postion filter
whed islocaed. Not shown is the enclosing box cooled to 15K, which surrounds this filter whed
and all succeeling optics. The function of this box isto prevent stray light from other instruments
providing excessve badkground photons from reading the Si:P detedor. The field of view of the
detedor is limited by a snout cooled to 8K, to match the @ne of light emanating from the last
fold mirror.
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Figure 6.2-7 M echanical packaging o long wavelength imager/spedrometer or the MIR
and LIR edhédllettes (all aresimilar).

One possble use for the available spaceremaining in the ISIM module is $own in Figure 3.4-1
(see83.4). Although our baseline is to use pulse tube maler, a solid hydrogen cryostat can easily
fit into the ISIM structure with no impad to theoreticd and medanicd design of the ISIM. The
size of the hydrogen cryostat will easlly acoommodate al0 yea misson lifetime, yet it occupies a
very small fradion of the ISIM volume. The pulse tube or turbo-brayton coolers occupy even
smaller volumes.

The total mass of the strawman complement is 450 kg This estimate ames lid body
construction of aluminum but that a significant level of relieving for light-weighting is used for the
opticd bench and mirror mounts. Aluminum is a good choice for these functions as it has
medhanicd stability and established heritage for smilar instruments used in space A contingency
of 35% should be aded for a total projeded mass of 608kg Alternative materials, such as
graphite used in a honeycomb structure can substantially lower the ISIM mass If such materials
are employed, the masscould drop to 270 kgor less(plus contingency). However, cost is likely
to increase substantially over an all-aluminum design.
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6.3 Thermal assssnent
Our baseline instrument configuration cals for a total of eight modules (including the wide field
imagers) to be moled to temperatures ranging from 8 K to the ISIM cavity temperature of 38K.
Table 6.3-1 presents the spedfic temperature and cooling requirements for ead instrument.

INSTRUMENT TEMPERATURE POWER COMM ENTS
REQUIREMENT DISSPATION
Visible Imager <40K FPA: 25-mW *Cooled by coupling
Filter Whed: 1.4-mW | withISIM radiator.
Wide Field Visble <40K 80-mw *Cooled by coupling
I mager with ISIM radiator. No
optics required.
NIR Module 1 <40K FPA: 4-mW *Cooled by coupling
Filter Whed: 1.4-mW | with ISIM radiator.
NIR Module 2 <40K FPA: 4-mW *Cooled by coupling
(Same layout as for Filter Whed: 1.4-mW | withISIM radiator.
NIR Module 3).
NIR Module 3 <40K FPA: 4-mW *Cooled by coupling
(Same layout as for Filter Whed: 1.4-mW | withISIM radiator.
NIR Module 2).
Wide Field NIR <40K 80-mw *Cooled by coupling
I mager with ISIM radiator. No
optics required.
MIR Spedrometer/ FPA: <10K FPA: 1-mW *Filter Whed and optics
I mager Filter Whed: <18K | Filter Whed: 1.4-mW | cooled by coupling
Optics, after FW: with puse tube 2
<18K stage. FPA cooled by
3% stage pulse tube
cryocooler.
LIR Spedrometer/ FPA: 8K FPA: 0.25mwW *Filter Whed and optics
I mager Filter Whed: 15K | Filter Whed: 1.4-mW | cooled by coupling
Optics, after FW: with puse tube 2
15K stage. FPA cooled by

3% stage pulse tube
cryocooler.

Table6.3-1 Summary of NGST instrument codling requirements.

Three unique temperature 2nes have been identified by combining similar temperature
requirements: (1) an 8 K temperature cgability for cooling the MIR and MIR FPA’s, (2) a15K
temperature zone for cooling of the low temperature filter wheds and re-imaging optics, and (3)
a <40 K temperature zne within the ISIM enclosure for cooling of al remaining modules
containing FPA’s, re-imaging optics, and other elements. To take advantage of this commonality
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in temperature 20nes, we have @-locaed ead of these temperature zones into a cmmon corner
of the ISIM. A single waling system (regardless of the type seleded) can be ealy
acommodated for cooling at eat temperature zne. This offers afurther benefit to the design as
reducing the extent of the coled volumes will reduce surface aea ad supported mass this leads
to reduced system parasitic hea load requirements in the wlder zones as well. This is very
important for NGST since even small additional hed loads at the alder temperature zones will
have asignificant impad on the overal system power and mass We have dso assumed that the
ISIM radiator will be used to disgpate the 0.1000W from the telescope fast steaing mirror
(FSM). In the yardstick OTA, the fast steeing mirror is locaed in the ISIM space Other
architedures, such asthe LM OTA, placethe FSM outside of the ISIM. For these achitedures,
aternative paths of removing hea from the FSM might reduce the ISIM radiator size
substantially.

In Figure 6.3-1, the @oaling schematic is fiown for the full complement of the aght NGST
instruments. Our baseline thermal design is to coadl the ISIM (and ead component tied to it) to
lessthan 40 K (38K) by a single stage radiator operating at 35K. A guard radiator may be alded
to further reduce the radiation hea le& from the sunshade, but our preliminary analysis siggests
that this may not be necessary. The ISIM will be insulated with a 0.25-inch thick blanket of MLI
to reducethe radiation coupling between the sunshade and ISIM. The remaining five (5) surfaces
can be used for radiating the ISIM parasitic hea load; 22.1-n? is required to provide the
necessary cooling. This arearepresents only a fradion of the total surface aeamade available by
the ISIM surfaces 9 it is reasonable to exped the final design to double & panel stiffeners to the
ISIM structure. The radiator geometry is own in Figure 6.3-2.

An evauation of system hea loads was made for eadt of the threetemperature ones (8 K, 15K,
and the 38K ISIM cavity). Calculated hea loads include the dfeds of support structure, MLI
blankets, instrument FPA leads, component power disspation, and dred radiation. We asumed
that the detedor power disspation was 1 mW per 1024x 1024 pxel FPA for the low badkground
NIR modules. We rea the other FPAs at 1/4 the NIR rate to reduce power disspation, and
accet a smal penalty in effedive read noise. Badkground photon roise, rather than detedor
noise beames sgnificant for these modules. In cdculating the support hea load, the dements
were sized to survive buckling with a 10-g quesi-static load imposed, while simultaneously
maintaining a frequency of >35 Hz. The frequency constraint asaures that the preliminary tube
sizing yields aredistic support conductance, subjed to the acairacy of the massestimate.

Given the preliminary nature of the design, we guaranteed a conservative thermal analysis in two
ways. First, we doubled the expeded instrument massin sizing the support structure. Spedficadly,
for eath module we ssumed 23 kg ead for the FPA’s and their associated support structure
(6.8 kg total) and 45 kgfor ead of the re-imaging optics assemblies (140 kgtotal). Sewond, we
imposed an extra 50% margin on the lowest temperature @oling stage, formally by assuming it
was used for three modules rather than the recommended two. In cdculating the dired radiation
to the 8K and 1K temperature znes, a low emissvity (0.035 surfacewas assumed. Studies
have shown that a low emissvity surface will outperform an MLI blanket at these boundary
temperatures - so long as locdized regions of high effedive emissvity (e.g. cavity effeds or
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exposed surfaces with high emittance) can be avoided. Should the detailed design yield such
effeds, locdized blanketing of low emittance will be used as appropriate.

FPA and instrumentation lead wire hea le&ks were derived assuming that flat ribbon cables with
manganin conductors, eat having a aoss £dional area euivalent to a 0.005-inch diameter wire,
would be used. A tota of 100leads (50-signal, 50-ground) were asumed for ead instrument.
Effedive lead lengths for hed le& cdculations were taken to be & follows: 1.25m (10K to
38K), 0.3-m (38K to 15K), and 0.2-m (15K to 8K). This partitioning is consistent with a total
lead length of 3.0-m from the warm eledronics box (250K) to FPA. It is assumed that 0.5-m of
length between the 250K and 10K sedion will be required, and that some reduction in the
effedive thermal length internal to the ISIM will be necessry as medanicd support of the
cabling to adjacent structure will probably be required inside the ISIM. Total medanism power
disspation is 10 mW for the filter whed motors and focd plane mask medianisms. A hea map
describing the ISIM hea flow is simmerized in Table 6.3-2.

Our baseline for cooling the 8K and 1K temperature 2ones is to use a 3-stage pulse tube
medhanicd cryocooler (See discusson in Sedion 3). The mpresor and ambient hea
exchanger of the pulse tube ae radiatively cooled to less than 250K by a passve radiator.
Fiberglassthermal isolators off the ISIM structure support this radiator and cryocooler hardware
(compresor and puse tube). Location of the 250K radiator is such that neither the NGST
telescope opticd components nor ISIM 35K radiator surfaces view the warm 250K cryocooler
radiator. Soft mounts would not introduce significant hea increases into the system, should they
be nealed to reduce cryocooler vibrations to acceptable levels.

The second stage of the cryocooler is used to cool the 15 K MIR and LIR re-imaging optics, the
third stage @oals the MIR and LIR FPA’s. No cooling of the ISIM instrument is performed by
the pulse tube first stage, as it only serves to improve the net cooling to the lower temperature
stages. We did explore the posshility of using this first stage for 40 K cooling, but rejeded this
because it would have required substantially higher eledricad power.

LM has three @mpressor assemblies which could be used to provide the requisite PV input to the
pulse tube. These include ahigh capaaty (35 mm diameter piston) compresor developed as part
of the Low Cost cryocooler program; the L-1710compressor that was developed for use with our
split-Stirling cryocooler; and the Mini-cryocooler compresor currently under development for
NASA/GSFC. Preliminary sizing suggests that the L-1710 compressor assembly would be the
optimal choicefor NGST, providing over afador of threemargin in the required PV. Estimated
massand power requirements with the L-1710compresor driving the three stage pulse tube ae
included in Table 6.3-3, along with the mass of the ISIM radiator. Our conclusion is that our
baseline thermal system adequately conforms to al of our ISIM requirements with ample
engineging margins. In addition, relevant technology required for instrument cooling exists and
has been demonstrated in the laboratory giving us high confidence in adhieving the design goals.
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38K * * ¢ ¢| * '
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0.0023 0.0016 <<0.0001 0.0003
8K * ¢ * *
FPA Filter Supports Radiation Leads MLI |
12R Wheels

Qtotal @8K = 0.0042-W

Table6.3-2 NGST ISIM Heat Map

Performance Characteristics

Mass(kg)
Cryocooler 10.0
38K Radiator 39.2
Totals (kg) 49.2
Power (W) 52.3

Table6.3-3 Summary of NGST Coding Characteristics
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Figure 6.3-1 Coding configuration schematic detailing heat sources
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Figure 6.3.-2. Radiator Geometry for our ISIM. 35 K radiator surfaces, shown in
turquoise, cover three surface of the ISIM structure. The pulse tube mmpressor has a
separate 250 K radiator, shown in blue. The autaway in the radiator reveals the green
ISIM optical benches coded to 38K. The aitaway in the magenta box reveals the MIR
and LIR componentsinside. The box and its contentsare woled to 15K.

6.3.1 Comparison with yardstick thermal model

Both our ISIM concept and the yardstick 1SIM (Parrish et a. 1999 need to cool a mmplement of
NIR and MIR detedors and so their thermal designs have smilarities. One significant difference
is the NIR focd plane temperature and its effed on radiator design. The yardstick has its InSb
FPAs operating at 30 K with a total detedor power disspation of 160 mW. Three stages of
radiative oling, ead with its own independent radiator, are needed to define separate
temperature znes for the ISIM opticd bench, parasitics and the detedor. This results in a
complex radiator design. Our I1SIM has more pixels than the yardstick and disspates 200 mW, but
operates at a significantly higher temperature of 38 K. Only a single temperature zone is required,
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which smplifies ISIM construction and installation. The overall radiator areais snaler than for
the yardstick, which also results in mass swvings.

The total medhanism disgpation in both systems is dominated by the 100 mW of fast steeing
mirror power; after subtrading this component, the remaining medanism disspation for filter
wheds and focd plane masks is 48 mW for the yardstick and 10 mwW for our ISIM. Our
medhanism disgpation could be further reduced by using superconducting eledricad components,
espedaly in the MIR and LIR instruments operating at 18 K. The yardstick uses a turbo brayton
cryocooler cgpable of providing temperatures of 6 K, whereas we have diosen a pulse tube moler
operating at 8 K. Both cryocoolers require a @ompresor operating at temperatures in the 220 —
250K range. The dedricd power required by the turbo-brayton compresor is 100 W for the
yardstick. The pulse tube @oler requires dightly more than helf of this amount; an important
difference should spacecaft eledricd power be limited.
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6.4 Comparison with Yardstick
We summarize a omparison of the major fedures of the yardstick and our baseline ISIM in Table
6.4-1. Primary discriminators among the two systems are 1) extended wavelength range of our
ISIM to include the detedion of the astrophysicaly important H; line; 2) better sampling of the
telescope focd plane via various plate scdes, which provides diffradion limited imaging at a
broader range of wavelengths; 3) much larger fields in the visible and NIR for efficient mapping;
and 4) more spedroscopic cgoability, particularly at MIR wavelengths.

ISIM Configuration Our I1SIM? Y ardstick
Spectral Range 0.4-34um 0.6—28um
Number of modules 6 plus 2 widefidd 6
Number of mechanisms 13 28
Minimum A for Nyquist sampled | 0.5 um 2um
image
Total imaging FOV 129arcmin’® 20 arcmin®

Imaging 0.4-5um 106 arcmin’ 16 arcmin?

Imaging 5-34um 23 arcmin’ 4 arcmin’
Total spectroscopy FOV 32 arcmin® 9 arcmin®

Spectroscopy 0.4-5um 9 arcmin® 9 arcmin®

Spectroscopy 5-34um 23 arcmin’ Singe object
NIR spectroscopy pixd size A/2D, A/D or 3A/D A2D

Resolutions and A coverage

04-5um

R=100(1.25-2.5um, 2.5-5um)
R=1000(1.25-2.5um, 2.5-um)
R=3000 (1.25-2.25, 2.25
3.25um, 3.25-4.25um)

R=100 1000(0.6-1.2um, 1-2um,
1.8-3.6um, 3.4-5.4um)

534um

R=100(5-10um, 10-20um)
R=500 (5-10um, 10-20um, 20-
34um)

R=1000 (5-10um, 10-20um, 20-
27um, 27-34um)

R=3000 (5.20-104um, 1019
18.75um, 16.8-34.1jum)

R=1000
21.2um)

(5.8-131ym,12.75

Mass

450kg°

460Kkg

Cryo-coders

Pulse Tube

Turbo-Brayton

Coder Electrical Power(W)

50

100

Table 6.4.1 Comparison of our 1SIM concept and the GSFC yardstick.
%ur I1SIM complement is composed of two wide field imagers, each of 80 cetedors (f/24 design), one
visible imager, three NIR modules, and two MIR/LIR modules, unless otherwise mentioned. "One filter
whed per modules, with exception of two for the modules supporting crossdispersed echell e spedra, plus
one generic multi-mirror/dlit mechanism for modules supporting spedroscopy. The wide field imagers are
asaumed to have afixed filter pattern. © A contingency of 35% is recommended on top of this estimate.
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6.5 Operations

Although we have not shown it explicitly in our ISIM concept, we believe that NGST would
benefit from having a dedicated camera for guiding and image analysis. In the yardstick, it is
asumed that these functions can be performed by a subarray within one of the arays in a science
camera. There ae anumber of arguments against this approadh:

* Fallure of the guide camera would probably be dasgfied as a misson criticd single point
fallure. However, failure of a science instrument module would not have this level of impad.
Designing a science instrument to avoid single point failures could significantly impad its
intended function (e.g., by making use of filter wheds questionable).

= Other problems would occur when trying to take imaging deta and gude on the same aray. It
is conventional to operate guide caneras with out of focus images to reduce the dfeds of
“bias’ errors (meaning pointing bias due to effeds auch as smal layout errors in the aray
geometry); such an approach would not be accetable if science data were being obtained in
paralel.

= A smple and optimized gude camera (single filter, optimized for fast readout) would be
relatively inexpensve cmpared with a science instrument and would have superior
performance

* Interfadng a science instrument to the spacecaft pointing system and/or to the telescope
control would be complex, crossng lines of responsbility within the NGST projed, and
would also diffuse responsibility for the guiding performance

For these reasons, we recommend that NGST include an optimized gude camera that was the
responsibility of the supgier with which it has the most demanding interface (telescope, if fine
guiding uses moving optics).

Our ISIM provides the caability for wavefront sensing for primary or deformable mirror control.
One method would be the phase diversity technique where aprism is inserted into the bean to
produce two images corresponding to differing opticd path lengths. Such a capability could be
adhieved by plaang a prism in one of the filter whed positions of a visible or nea infrared imager.
To provide redundant capability for this essential function, we recommend that more than one
module be so equipped. The other detail s of implementing this plan would need to be wordinated
with the prime @ntrador to insure mirror aduator control requirements are met. However, the
detedor sensitivities and read rates provided by our imaging systems appea to be more than
adequate to med the wavefront control requirements.
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7.0 Development

7.1 Modular design

Seledion of an optimum overall architedure for the instruments can make asubstantial difference
in the aility to control cost and schedule. We recommend that the instrument complement be put
together in a number of spedalized modules, ead to be @& smple & possble and focused on a
limited set of cgpabilities. Responsibility for these modules dould be divided among a smaller
number of investigator teams, and aong lines that ally smilar technicd problems under a single
tean. These general statements will be ill ustrated by discussng the possble organizaions in more
detail.

7.1.1 Large onsolidated instruments

A traditional approad to major astronomica missons like NGST isto build a small number large
and complex instruments; in the cae of NGST, three instruments would be roughly in line with
this tradition, perhaps two of which would be built in the United States. Some alvantages are:

 The dforts would be naturaly concentrated into only two teams, with the overheads
asociated with many teams eliminated. Consolidating further to a single team might not be a
good idea since it might tend to reduce the breadth of experience brought to generd
instrument issues for NGST.

* A high degree of commonality naturally results in areas like warm eledronics design, use of
common medanisms, and so forth, minimizing money wasted through parallel development of
items to perform the same functions.

» Savings can be adieved in instrument mass through more integrated medanica design, in
eledronics padkaging; in power consumption, and so forth, all through sharing resources
among a large portion of the total instrument complement.

Some disadvantages include:

» Large instruments usualy have many operating modes, complicaing test and operations after
launch.

* Test of alarge instrument must generaly be delayed until it has al been integrated.

* A falurein alarge instrument during test and integration usually requires halting the entire
integration processuntil arepair has been made and certified for continuation.

* Largeinstruments generally demand larger and more complex test fadlities.

* A smal number of large instruments may result in more single point failures for the net
instrument complement of NGST.

7.1.2 Small modular instruments

Rather than two large instruments, the U.S. instrument complement could be organized into about
half a dozen smal modular instruments. The alvantages and dsadvantages roughly reverse
compared with the situation with two large instruments. Advantages include:

* Ead instrument module will have only a small number of operating modes, smplifying test
and post launch operations.
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» Test can begin with the first completed module, accéerating the integration schedule.

* A variety of strategies may allow continuation of integration and test while afailed instrument
is taken off line for repair.

» Test fadlities can be tailored to the smaller size of smaller instruments.

» Generally, alarger number of instruments will have fewer possble single point fail ures.

Disadvantages are:

* The dforts would be spread over many (six?) teams, increasing overheals associated with
instrument construction.

» There will be atendency to develop individual solutions to technicd problems, thus resulting
in expensive paralel developments in many aress.

* Total instrument mass power, padkaging, and so forth will tend to be lessoptimized becaise
of the inability to develop highly integrated designs.

7.1.3 Large instruments organized into modules

A better solution than either extreme would be to organize two instrument teams, but with eath
instrument to be built in a modular fashion with about threemajor components, ead focused on a
spedfic function. In this approad, al the alvantages of the extreme modular approach can be
redized. In addition, the first two listed advantages of the large instrument approad will also
result. The only disadvantage will be that the modular design of ead instrument will have some
pendlties in use of resources. For example, additiona structure will be required for separate
modules compared with a @nsolidated instrument, so the result will have larger weight.
However, the gains in flexibility in integration and test, and in smplicity in operations and in
reduction of single point failures, in particular, will easily outweigh this sngle disadvantage.

Figure 7.1.3-1 shows our design for the ISIM from a perspedive that highlights the accesbility
of its modules. Although we have not laid out the detail s of the mounting arrangement, it appeas
that it would be feasible to remove and install most of the modules independently and with
minimal disturbance of the interfaces established for the other modules. Such an arrangement
would increase the potential gains from nodularity with regard to flexibility in the integration and
test sequence

These gains could be aiticd in holding to the envisioned instrument development schedule, as
discussed below.

7.1.4 Collaborations

A further advantage of a modular 1SIM is that it could allow increased flexibility in laying out
collaborations. For example, the visible and nea infrared wide field modules make alogicd pair
for collaboration, or they could be given to two separate ollaborators. The three nea infrared
imagers/spedrometers are another logica piece the mid and long wave modules are asensible
common development; and high resolution visible imager is yet another. Alternately, the NIR
modules and NIR wide field imager could be developed together and the high resolution and wide
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field visible imagers would make aother logicd padage. Thus, our proposed ISIM can be
broken into a number of separate development projeds.

Figure 7.1.3-1 Overall layout of the ISIM, showing the inherent accessbility of the
instrument modules.
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8.0 Tedhnology readiness

We favor the use of established tedhnologies wherever possble to kegp cost and risk low.
However, we have identified severa emerging and evolving technologies that are aiticd to the
proper functioning of our ISIM baseline (or its options). We believe that the expeded benefit of
scientific return is worth the alditional development effort needed and its associated risk. While
not ready for immediate deployment on NGST, these technologies are expeded to becmme
mature within afew yeas, if adively pursued. These tedhnologies include:

* Micromirrors/shutters/dits

* IR Detedors (including Si:P)
* Turbo-Brayton Coolers

* Pulse Tube Codlers

o Grisms

We have dhosen to addresstedhnology readinessassessnent for detedors, pulse tube moalers, and
grisms only. Micromirrors are being investigated by another study effort and are dso part of the
yardstick ISIM. Turbo-Brayton coolers have dso been assessed for the yardstick ISIM.

8.1 Detedors
We have indicated at appropriate points in this report where detedor technology advances would
reducerisk and/or improve the performance of NGST. A partid list is:.

* Development of PIN diode hybrid arrays will alow optimized opticd detedion with readouts
identicd to those used in the infrared (and hencelittle mst impad).

» Science grade CMOS imagers, although farther from fruition, could have smilar benefits as
PIN hybrids, but with larger formats and lower cost.

» Nea infrared detedors with very small pixels will benefit the spedroscopic goplications snce
they allow long integrations with acceptable levels of hits by cosmic rays.

* Improvementsin dark current as well as read noise will benefit nea infrared spedroscopy

» HgCdTe arays are competitive with InSb for the nea infrared: smaller pixels, lower
demonstrated read noise, larger demonstrated format. Detedor development should consider
significant effort for these devices

» Si:AsIBC arrays are neaded in a 1024x1024format

» Si:PIBC arrays would provide wavelength extension to 35um without significantly increasing
cooling requirements. In addition, these detedors gould be realily manufacurable and
should be radiation damage resistant.

8.2 Pulse tube madlers

Lockheed Martin has conducted extensive research and development of pulse tube molers, and
has demonstrated that pulse tube aoling to temperatures of 8K is feasible for space plications.
NGST imposes ome unique requirements on pulse tube aolers that must be addressed. These
spedal requirements include extending the tube length to read into the 8K areas of the ISIM,
managing the vibration levels, and adapting the compresor to work at reduced temperatures. In
addition, overal pulse tube reliability must be cnsistent with a misgon lifetime of 10 yeas.
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The cmponent limiting the reliability of current pulse tube cryo-coolers is the controller drive
eledronics. LM’s dandard flight controller padkage used succesdully on a number of flight
misgons has a large part count that limits the single string reliability figure of the system to 0.85
for ten yeas. Currently, LM is redesigning the oontroller, incorporating state-of-the-art
tedhnology that gredly reduces the envelope and parts count, increasing the single string box
reliability to over 0.95 for ten yeas operationa lifetime. Implementing wholly redundant boxes
further increases the controller reliability to over 0.999. A pulse tube cryo-cooler system is wholly
compatible with high reliable, long life operation for NGST.

Currently, pulse tubes are somewhat shorter than the estimated 1-2meter lengths we envision for
our ISIM. However, these short pulse tubes also have measured cooling powers of up to 10 W;
this is substantially more than the 3.9 W that neaded by our ISIM. LM has acarrate models that
predict pulse tube performance @ a function of design parameters. By seeking an optimum pulse
tube design for the overall length, an effedive system tailored for the ISIM can be implemented.

Present pulse tube compresors function at temperatures of about 200K or greaer. For NGST,
we would probably want to operate the cmpressor at a reduced temperature between the 1SIM
cavity temperature of 40 K and 200K. A low temperature compressor may require dianges in
piston diameters and its linea flexures, as well as different construction materials to control the
effeds of thermal expansion in its medhanicd cleaances. There gpea to be no fundamental
reasons preduding reliable cmpresor operation at temperatures down to 40K, but this needs to
be demonstrated and a reliabili ty analysis performed.

Implementing a soft mounted puse tube cmpressor will still require alequate thermal coupling
for disgpation of the mmpressor waste hea. This can be adieved by attadching flexible copper
ropes to the cmpressor mounts that provide asoft mount approach (<10-Hz possble), yet a high
thermal resistance @upling for waste hea power disspation. LMM S has extensive experiencein
the development of flexible thermal couplings with low thermal resistance For launch, a hard
conredion will be required, but this can be medianicdly dewmupled (for example, with rut
releases) once in orbit. Final pulse tube force levels ranging from 0.01 to 0.001 N appea
adiievable.

In summary, we have identified these key areas that must be addressed before pulse tubes may be
used in our ISIM. While substantial work needs to be done, they may be investigated and
addressed before afinal cryo-cooler seledion for NGST is sheduled. A dedsion based upon the
performance of pulse tubes, Turbo-Brayton or other technology realy cryo-coolers sould then
be made.
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8.3 Grisms

The use of IR grismsis crucial to the designs of all our imager/spedrometer modules. We have
seleded KRS-5 as the baseline materia of choice for these grisms snce it has good transmisson
(greder than 70%) from 1 — 35 pm (Figure 12.5.2-1). Its moderate index (n=2.4) is a good
compromise between lower index materials which require stegoer prism angles and higher index
meaterials which require higher density rulings (see8 125 for more grism details). KRS-5 grisms
with moderate ruling densities ( ~ 100 lines mm™") and prism angles (~ 25°) have been
manufadured and have demonstrated good performance with low scatering and good efficiency
(~ 55% in second order) in nea-IR astronomica spedrographs (Rayner 1998.

In order to minimize overall instrument size, our instrument designs use the smallest reasonable
pupl sizes. These small pupls (6 — 40mm diameters) require that our high resolution (R ~ 3000
KRS-5 grisms have high ruling densities (up to 400 lines mm*) in the nea-IR and large prism
angles (a ~ 55°) in the mid-IR. KRS-5 grisms with these high ruling densities or wedge agles
have not yet been manufadtured or performance tested. The higher groove densities may cause
high scatering / low efficiencies, and the large prism angles may produce dispersions which are
different from those predicted by the smple geometric optics formulae We ae optimistic that
KRS-5 will still yield low scatering grisms at high ruling densities due to its low hardness and
other high index grisms of smilar angles have been measured to have negligible dispersion
deviations from the geometric formulae(Kaufl 1998. However, we nead to manufadure and test
KRS-5 grisms with ruling densities and prism angles smilar to those required in our designs in
order to verify this. The scatering performance of low ruling density, high prism angle grisms
must also be measured in moderately high orders (m ~ 10) to ensure that these optics are suitable
for use in the edhellette modules. We do not anticipate problems with obtaining KRS-5 grisms in
the required dameters.

This manufadure ad test of grisms can be done relatively rapidly for reasonable @st
(approximately $20 K manufacturing cost per grism) before the formal NGST instrument cdl. If
the KRS-5 grisms dhow scatering problems, there would be time to consider and test alternatives
before submitting an instrument proposal. For example, Si is a promising material which hes
already been manufadured into immersion gratings which show low scater in high orders at high
groove densities (Keller 1998. We mnsider S a secondary material choice because its ruling
tedhniques are not as well developed and it does not transmit light at all needed wavelengths (see
sedion 12.5).
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9.0 Cost

Our recommended configuration for the ISIM — two wide field imagers and six additional
modules — could be built for virtually the same st as the yardstick ISIM. To establish this
comparison, we begin with cost modeling of all the modules we have studied. This first run takes
no advantage of savings through common designs or an optimized telescope anfiguration. In §
9.5, we discuss our recommendations to contain cost while providing a scientificaly powerful
ISIM. We show that the st of our optimized 1SIM should be $186M (no fee FY 96 dllars),
within the arors the same st as the yardstick ISIM. This version of the ISIM is the one which
we @ompared in spead with the yardstick in 86.1.10, finding it could complete the DRM in only
2/3 the time required by the yardstick

Cost estimates for the proposed ISIM were estimated in FY96 dollars. This estimates were
arrived through a combination of grassroots cost estimates, engineaing estimates and parametric
cost models. The estimate has the following spedfic assumptions:

- ThelSIM is comprised of threescience instruments, a Wide Field Visible / Nea Infrared
Instrument, a Nea Infrared / Visible Imager (NIR / VIS) and Spedrometer Instrument
and a Mid Infrared/ Long Wave (MIR/LIR) Instrument. The design and development of
ead of these instruments are managed by separate SI program managers.

- Development and risk mitigation costs of the focd planes and speda devices uch as
microshutter arrays and the large format focd plane arays are not included. It is
asumed that such efforts are succesdully completed by NASA funded development
adivities in these aeas. Development engineaing to design the individual instrument
modules incorporating these devices is included and estimates for leaning curve
efficiencies are included in the estimates of modules with smilar designs such as the NIR
modules.

- The st of a fine guidance sensor is not included in this estimate. It is assumed the
NGST Prime Contrador will provided a separate instrument module for this function.
We etimate that the cost for such amodule is approximately $10M in FY 96 dbllars.

9.1 Costing methodology

The mgjority of the wsts of this estimate were computed using the Automated Cost Estimating
and Integrating Tool (ACEIT). ACEIT has been commercially developed and is available to the
government with no licensing fee It is an automated architedure and framework for Life Cycle
Cost (LCC) estimating that is used extensively in the government and contrador community for
top level, multiple cae trade studies. The software padkage enploys parametric Cost Estimation
Relationships (CERS) for the LCC of hardware dements. Among the CERs used is the Strategic
Experimental IR Sensor Cost Moddl II. Software wsts were arived at from engineaing
estimates from smilar instrument architedures. The cryocooler costs were dso derived from
engineging estimates from similar architedures.

The results of the ACEIT cost estimates compare favorably with costs for smilar instrument

architedures sich as SIRTF, where an average of $10M per instrument module was found to
hold. The exceptionsto thisfor our ISIM are those modules with large focd plane arays.
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9.2 Work Breakdown Structure

Table 9.2-1 gves the WBS which was used to arrive & our cost estimate. The WBS is first
organized I1SIM adivities and Science Instruments which are then further broken down into
individual instrument modules. The WBS includes the cst of a cmmon procesor shared by the
NIR / VIS and MIR/LIR Sls under the NIR/VIS cost element. Software is also budgeted under
this element. The Wide Field Instrument is assumed to have its own processor and software.

Table9.2-1 Work Breakdown Structure

ISIM Work Breakdown Structure and Dictionary

WBS Element

Definition

1.0 ISIM Program Management

Program management, cost / schedule tracking, contract control

2.0 ISIM Systems Engineering

Resource allocations, interface definitions,

3.0 ISIM Structure and Thermal

ISIM Common structures, mechanisms, radiators, blankets

4.0 ISIM Power Distribution and Harness

ISIM power harnesses and power distribution devices

5.0 Wide Field Science Instrument

NIR and VIS Wide Field Imagers

5.1 Program Management

Program management for Wide Field S|

5.2 Wide Field NIR Module

5.2.1 Development Engineering

Development engineering, design and analysis

522 1&T

Integration and test (calibration) of NIR Wide Field Module

5.2.3 Detectors

Detector hardware costs

5.2.4 Optics

Not Applicable

5.2.5 Mechanisms and Structure

Structure, mechanism, and thermal interface hardware costs

5.3 Visible Wide Field Imager

5.3.1 Development Engineering

Development engineering, design and analysis

53.21&T

Integration and test (calibration) of VIS Wide Field Module

5.3.3 Detectors

Detector hardware costs

5.3.4 Optics

Not Applicable

5.3.5 Mechanisms and Structure

Structure, mechanism, and thermal interface hardware costs

5.4 Wide Field Sl Processor

Hardware costs for a Wide Field processor

5.5 Wide Field S| Software

Software development costs for Wide Field software

6.0 NIR / VIS Science Instrument

NIR/ VIS Imagers and Spectrometers

6.1 Program Management

Program management for NIR/VIS SI

6.2 Visible Imager Module

6.2.1 Development Engineering

Development engineering, design and analysis

6.2.2 1&T

Integration and test (calibration) of VIS Module

6.2.3 Detectors

Detector hardware costs

6.2.4 Optics

Optics hardware costs

6.2.5 Mechanisms and Structure

Structure, mechanism, and thermal interface hardware costs

6.3 NIR Module 1

6.3.1 Development Engineering

Development engineering, design and analysis

6.3.2 1&T

Integration and test (calibration) of NIR Module 1

6.3.3 Detectors

Detector hardware costs

6.3.4 Optics

Optics hardware costs

6.3.5 Mechanisms and Structure

Structure, mechanism, and thermal interface hardware costs
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6.4 NIR Module 2

6.4.1 Development Engineering

Development engineering, design and analysis

6.4.2 1&T

Integration and test (calibration) of NIR Module 2

6.4.3 Detectors

Detector hardware costs

6.4.4 Optics

Optics hardware costs

6.4.5 Mechanisms and Structure

Structure, mechanism, and thermal interface hardware costs

6.5 NIR Module 3

6.5.1 Development Engineering

Development engineering, design and analysis

6.5.2 1&T

Integration and test (calibration) of NIR Module 2

6.5.3 Detectors

Detector hardware costs

6.5.4 Optics

Optics hardware costs

6.5.5 Mechanisms and Structure

Structure, mechanism, and thermal interface hardware costs

6.6 NIR/VIS/MIR/LIR Processor

Hardware costs for a processor shared between NIR/VIS and MIR/LIR
Sls

6.7 NIR/VIS/MIR/LIR Software

Software development costs for NIR/VIS/MIR/LIR software

7.0 MIR / LIR Science Instrument

MIR/LIR Imagers and Spectrometers

7.1 Program Management

Program management for presumed U.S. delivered NIR SI

7.2 MIR Imager/Spectrometer

7.2.1 Development Engineering

Development engineering, design and analysis

7.2.21&T

Integration and test (calibration) of MIR Imager/Spectrometer

7.2.3 Detectors

Detector hardware costs

7.2.4 Optics

Optics hardware costs

7.2.5 Mechanisms and Structure

Structure, mechanism, and thermal interface hardware costs

7.3 MIR Spectrometer

7.3.1 Development Engineering

Development engineering, design and analysis

7.3.21&T

Integration and test (calibration) of MIR Spectrometer

7.3.3 Detectors

Detector hardware costs

7.3.4 Optics

Optics hardware costs

7.3.5 Mechanisms and Structure

Structure, mechanism, and thermal interface hardware costs

7.4 LIR Imager

7.4.1 Development Engineering

Development engineering, design and analysis

7.4.21&T

Integration and test (calibration) of LIR Imager/Spectrometer

7.4.3 Detectors

Detector hardware costs

7.4.4 Optics

Optics hardware costs

7.4.5 Mechanisms and Structure

Structure, mechanism, and thermal interface hardware costs

7.5 Cryo-Cooler

Hardware costs for cryo-cooler system used for MIR and LIR modules

8.0 ISIM I&T

Integration and alignment, test and calibration of Sls into ISIM

9.3 Schedule

The mst estimate asumes ISIM design, development, integration and testing to roughly follow
the time table shown below:

S| Tean Seledion Jan-02
Sl Preliminary Design Reviews Jan-03
Sl Criticd Design Reviews Jan-04
Sl Délivery to ISIM Integrator Apr-06
ISIM Délivery to NGST Prime Integrator Apr-07
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NGST Launch Date June-08
A top level program schedule broken out by WBS is siown in Figure 9.3-1.
9.4 Cost Breakdown
Table 9.4-1 gves the st estimates to the module level for the ISIM. Table 9.4-2 sorts these
costs by functional discipline to enable a @mparison with the WBS used by GSFC in its Y ardstick
ISIM study as presented at the March 99 Quarterly.

Table9.4-1 Cost estimateto the module level.

WBS Element Cost ($M FY96)
1.0 ISIM Program Management 2.622
2.0 ISIM Systems Engineering 11.739
3.0 ISIM Structure and Thermal 5.054
4.0 ISIM Power Distribution and Harness 0.756
5.0 Wide Field Science Instrument 125.392
5.1 Program Management 2.622
5.2 Wide Field NIR Module 59.435
5.3 Visible Wide Field Imager 59.435
5.4 Wide Field S| Processor 1.500
5.5 Wide Field S| Software 2.400
6.0 NIR / VIS Science Instrument 67.860
6.1 Program Management 2.622
6.2 Visible Imager Module 19.994
6.3 NIR Module 1 10.327
6.4 NIR Module 2 11.487
6.5 NIR Module 3 13.330
6.6 NIR/VIS/MIR/LIR Processor 1.500
6.7 NIR/VIS/MIR/LIR Software 8.600
7.0 MIR / LIR Science Instrument 44574
7.1 Program Management 2.622
7.2 MIR Imager/Spectrometer 9.872
7.3 MIR Spectrometer 13.960
7.4 LIR Imager/Spectrometer 10.120
7.5 Cryo-Cooler 8.000
8.0 ISIM I&T 11.455
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2002 | o003 | o004 | 2005 | o006 | 2007 | 2008 2009

ID | Task Name w | wm | va | e | e | o e oe
1
2 HGST Wileslones —
3 S| Team Selection ’ 11
4 5l Preliminary Design Heviews ‘ 11
5 3l Critical Design Reviews ‘ ]
6 3l Delivery to 1SIM Integrator ’ A3
7 1310 Delivery to MGET Prime Integr ’ 4
8 MG3T Launch ’ 61
9 [ 1.0 13IM Program WManagement
10 k2.0 I1SIM Systerns Engineering
1" 3.0 I1SIM Structure and Thermal
12 |40 15IM Power Distribution and Hamess|
13 |50 Wide Field 51

i (A I N R
14 5.1 Wide Field Instument Program
15 5.2 Wide Field MIF Module
16 3.3 Wide Field ¥I5 Imager
17 5.4 Wide Field Processor
18 3.5 Wide Field 3| Software
19 'ﬁ.i] NIRVIS Science insirumeni

| (N N N R
20 B.1 NIR/YIS Program Management
21 B2 Visible Imager Module
22 B3 MIF Module 1
23 B4 MIA Module 2
24 B35 MIA Module 3
25 BB MIRAISMIRLIA Processor
26 B7 MNIRNVISMIR/LIR Software
27 |70 MIRLIR Science insirumeni

(A
28 7.1 MIR/LIR Progmm kanagement
29 7.2 MIR Imager/Spectrometer
30 7.3 MIR Spectrometer
k1 74 LIA Imager's pectrometer
32 A0 ISIMIAT _
33 13IM Integration to MGST Observatory _
Task [
Project: LiotA Progress IS Folled Up Milestone <>
Date: Wed 7i28/98 Milestone L 2 Rolled Up Progress  I—
Summary ﬁ
Page 1

Figure 9.3-1 Top level schedule by WBS element.

100




Table 9.4-2 Cost Breakout by Functional Area

Functional Areas Cost
Management 10.488
Science / Development Engineering 51.121
Systems 11.739
SR&QA / 1&T 34.365
Structure 10.531
Optics 20.183
Electronics 3.756
Operations
Thermal 4513
Software 11.000
Detectors 103.756
Cryocooler 8.000

9.5 Cost of the optimized | SIM

We have used the detailed costing in the precading sedion to derive a ©st for the spedfic
combination of modules we recommend for a cmplete ISIM: 1.) high resolution visible imager;
2.) wide field visible imager; 3.) three NIR imager/spedrometers; 4.) wide field NIR imager; and
5.) two edhellette spedrometersimagers for the 5 to 35um region.

9.5.1 Widefield imager costs

The mst model shows $1189M for the visble and nea infrared wide field imagers. The grea
majority of this priceis for the large number of focd plane arays required. As siown in 85, if the
telescope had an f/number of 12 to 16, equivalent surveying cgpability would till be possble (and
possbly the instrument padkaging would benefit overall). However, equivalent fields of view
could be provided with the faster telescope using one half to one quarter the number of arrays we
have had to cost for the baseline telescope.

We asume amore optimum telescope would reducethe st of the wide field imagers by a fador
of two, saving $6M diredly. We etimate that another $8.6M could be saved through
proportionate adjustments in management, systems engineaing, structure and thermal, and I&T,
where we have aumed the savings are proportional to the overall cost reduction.

9.5.2MIR and LIR edéllette spedrometersimagers

From our study, it appeas that a single module could be built that would carry out imaging and
spedroscopy between 6 and 2Qum, based on the edhelle spedrometer design. Modest
compromises might be required compared with use of two modules for these goals, for example in
high resolution spedroscopic throughput (use of grisms rather than refledion gratings) and in
imaging throughput (more opticd elements than an imager). However, it appeas that these
compromises are only in the 10-20% range of sensitivity. A further eamnomy could be made by
making the 20 — 3%um virtually identicd in design to the 6 — 2Qum one. A further benefit is that
moderately high spedral resolution could be provided at the long waves (important for emisson
line observations that are feaured in parts of the DRM). We would consider carrying this
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smilarity even to detedor array format, since it is probably the cae that SIP BIB arrays can
probably be made with high enough performance that only a minor performance penalty would
result from vastly oversampling the PS at the long wavelengths. Since the processng and testing
of the Si:As and Si:P arrays could then be identicd other than doping the material, the cost of the
flight arrays would be reduced.

In estimating the ast savings, we have diminated the MIR imager and have aumed that the LIR
edhellette spedrometer/imager would cost half of the price of the MIR edhellette module, sinceiit
would make extensive use of the designs, drawings, and test programs for the MIR edhellette.
This estimate is supported by experience reported to us for the Infrared Spedrograph for SIRTF,
which is built of modules with strong design similarity. The dired savings are then $13M. An
additional $1.9M would be saved through reductions in aress like management, systems
engineging, and integration and test, where we have assumed the savings are proportional to the
overall cost reduction.

9.5.3NIR Modules2 & 3

NIR Modules 2 & 3 have been costed individually. In fad, they can have virtualy identicd
designs, except for a small change in the fina opticd elements to change the scde on the focd
plane. We asume that this commonality would save ~30% on the lower cost unit, or with
proportionate reductions in management and systems engineaing too, about $3.5M.

9.5.4 Eledronics

The estimated cost of eledronics ams low. A comparison has been made with the IRSMIPS
eledronics for SIRTF. The SIRTF unit controls two different array multiplexer types and a
medhanism. It is block redundant, i.e., two identicd units with suitable aoss $rapping. The tota
for these dedronics in FY96 dllars is $6M. The ISIM €eledronics are of somewhat greaer
complexity so we have added $35M to the estimate for atotal of $7.2M. This adjustment off sets
the potential reduction in 89.5.3.

955 Cost summary
Table 9.5.5-1 contains the information from Table 9.4-1, adjusted for the optimized ISIM.
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Table 9.5.5-1. Cost of the optimized |SIM by WBS element

WBS Element Cost ($M FY96)
1.0 ISIM Program Management 1.912
2.0 ISIM Systems Engineering 8.559
3.0 ISIM Structure and Thermal 3.685
4.0 ISIM Power Distribution and Harness 0.756
5.0 Wide Field Science Instrument 66.182
5.1 Program Management 1.912
5.2 Wide Field NIR Module 29.435
5.3 Visible Wide Field Imager 29.435
5.4 Wide Field S| Processor 3.000
5.5 Wide Field S| Software 2.400
6.0 NIR / VIS Science Instrument 65.704
6.1 Program Management 1.912
6.2 Visible Imager Module 19.994
6.3 NIR Module 1 10.327
6.4 NIR Module 2 8.041
6.5 NIR Module 3 13.330
6.6 NIR/VIS/MIR/LIR Processor 3.500
6.7 NIR/VIS/MIR/LIR Software 8.600
7.0 MIR / LIR Science Instrument 30.852
7.1 Program Management 1.912
7.2 MIR Imager/Spectrometer
7.3 MIR Spectrometer 13.960
7.4 LIR Spectrometer 6.980
7.5 Cryo-Cooler 8.000
8.0 ISIM I&T 8.352
Total 186.002

This form of 1SIM could be provided for $186M (no feg), or $2139M (15% fixed fegd. The
costs of instrument science team adivities and of NASA oversight of the ISIM development need
to be alded to this estimate to obtain atotal cost of the ISIM.

We have run the same @st model on the Goddard yardstick ISIM, which it estimates at $16™
(no feg. Thus, our proposed ISIM cost is within 10% of the comparable @st of the yardstick, a
difference which is within the estimation errors. We believe that either form of 1SIM could be
procured for similar cost and that the diice between them can be made on the bass of
performance
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10.0 Conclusion

In this dudy, we have found that a suite of instruments can be suppied to NGST that is
significantly more powerful than the yardstick proposal, but which does not cost significantly
more. Our instrumentation includes a much larger field of view in the visible and nea infrared for
quicker deg surveying, as well as more versatile spedrometers and an extension of the
wavelength coverage down to 0.4um and out to 35um. In addition to the greder scientific
cgpabilities provided by greaer wavelength coverage, the instrument could complete the DRM in
only 2/3 the time required by the yardstick 1SIM. Costs are cntrolled by:

»  Optimizing the telescope & well as the instruments in a systems approadh. In particular, we
recommend that a somewhat faster Cassegrain f/ratio than /24 be mnsidered.

* Designing an instrument complement around a number of smple, optimized modules that
closely resemble eab other so that design, fabrication, test, and quaificaion costs can be
shared.

»  Seleding very large format nea infrared arrays to minimize device ount

* By maintaining simple modules, aso reducing the number of potential operating modes and
hence operational costs for the misson.

In arriving a the proposed suite of instruments, we have mnsidered a number of important
trades:

»  We recommend that optimized detedors such as Si PIN hybrid detedor arrays be developed
for the visible and Si:P IBC arrays for the 28 to 35um region.

= We find that either pulse tube @olers with soft mounted compresrs, or passve solid
hydrogen coolers can be used without the expense of development and qualificaion required
by more developmental approades.

»  We show that imaging Fourier Transform Spedrometers are not competitive with optimized
dispersive spedrometers. This comparison is particularly favorable for dispersive instruments
if detedor arrays with small physicd pixels are considered (to minimize @smic ray hit rates)
and if future likely improvementsin dark current and read noise materialize

»  We derive the degree of badkground rejedion required for multi-objed, multi-dlit dispersive
spedrometers, finding that rejedion at the level of 10001 is needed in the nea infrared for
spedra purity, that is, to avoid interference by spedra of neighboring sources. In the mid
infrared, the rejedion of the telescope badkground is © demanding that a refledive type of
multi-dlit is probably not feasible.

Although our suite of instruments differs in important ways from the yardstick, it also has an
important resemblance we find that very powerful and versatile scientific cgpabilties can be
suppied to NGST for a tota instrumentation cost of < $200 million in FY96 dllars (and not
including fee science team support, etc.). Thus, our study tends to confirm the underlying
asumption of the projed, but at the same time it suggests diredions for further optimization of
the faality.
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12.0 Appendices

12.1 NGST Background Models & Sensitivities

To investigate various performance trade studies and to establish our proposed instrument
criteria, we desired an acceptable NGST sensitivity model. This appendix deds with the details
and asumptions of our adopted model.

12.1.1 Background M odel

Figue 121.1-1 illustrates the several component which comprise the expeded NGST
badkground. They are given in units of photons per second per pixel for a R=100 sampling.
Detail s of ead of these components are outlined in the following paragraphs.

NGST Backgrounds

Diffuse GB —— CIRB —— COBE Tel thermal

Sunshield scatt = = = Dark

Zodiacal

1.E+04

R = MO = 100 /"“"—\"X
1.E+03

1.E+02

1.E+01

1.E+00

photons/s/pixel

1E-01

1E-02
/ / COBE (not shown on this scale)
1E-03 ‘ ‘ ‘ ‘ ‘ ‘

0 5 10 15 20 25 30 35 40

Wavelength (um)
Figure12.1.1-1 NGST background model componentsfor R=100.

The NGST telescope temperature was modeled as a T=40K bladkbody spedral curve with
emisgvity, €=0.05. A scatered light component from the sunshield was modeled as a T=93K
bladkbody with an effedive emissvity, e=1e-4. These values represent the proposed MIR-
compatible NGST architedure (Bely, et a. 199§. A bre&kdown of the diffuse sky badkground is
shown with the ad of Table 12.1.1-1.
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Component Model Reference Comments

Zodiacd scatered B(550K), £€=1.9e-13

Zodiacd thermal B(2785), e=2.7e-8

Diffuse galadic badkground | B(24.45), e=1.78e-5 Significant for A>20um

Cosmic IR badground le9ergs s'em?s A* | Thompson, et al. 1998 Dwek &
Arendt, 1999

COBE T=3K badground B(3), =1 Significant for A>40um

Table 12.1.1-1 Breakdown of the constituents of the diffuse sky background for NGST.

The onversion from flux units (e.g., Jansky/sr) to photons/s/pixel assumed a D=8m diameter
telescope and an overall telescope +instrument efficiency of 50%.

The model is based on bre&king the ISIM wavelength coverage into separate instrument modules,
eadt optimized for a particular sampling. Hence, the adual size of a pixel in arcseconds on the sky
is a function of the designed sampling parameters for eatcy module, show in Table 12.1.1-2.
Addtionally, the detedor charaderistics (e.g., dark current, read noise) for ead module ae
summarized in Table 12.1.1-2. Adopted QE values for the seleded detedors are ill ustrated by
Figure 12.1.1-2.

As illustrated for R=100 (and imaging) in Figure 12.1.1-1, the telescope is zodiacd light limited
for A<12um. The 40K telescope primary will dominate the badkground when A>33um. At higher
resolutions (R=300Q not shown), the system is detedor limited for A<15um, with longer
wavelength badkgrounds dominated by the sunshield emisson.

Detedor Amn  Amax  Any  |Pixel  sizeDark Real Full |Reference
(um)  (um) (um) |(arcseg  current  |Noise well
(e/s) (e- RMS) |(e)
Visible 04 [1 0.5 |0.006 0.001 [1 1e5
HgCdTe 1 25 |15 |0.019 0.02 5 1le5 |Kozlowski, et al. 1998
HgCdTe 25 | 3 0.039 0.02 5 1le5 |Balley et al 1998
Si:As 5 20 12 0.155 1 15 2.5e5 [Estrada @ a. 1998
Herter et al. 1998
Si:Sh/Si:P |20 34 27 0.348 40 40 2.5e5 [Herter, et al. 1998

Table 12.1.1-2 Default instrument module parameters for sampling.
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Quantum Efficiency Curves

08 4 ——SiPIN
W 06 ——HgCdTe
04 0.4 ——Si:As
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Figure 12.1.1-2 Adopted detedor quantum efficiencies for visible detedor (Si PIN diodes,
see 82.1.3), HgCdTe, Si:As, and Si:Sh. These have taken from the reference articles
mentioned in Table12.1.1-2.

12.1.2 Sensitivity Calculations
The signal to noise cdculations for a point source objed were cdculated along similar lines to the
model used in Gill ett & Mountain (1998.

Namely, we defined the SNR of an observation with exposure time, t, to be

E_Iobj(t)*t
N N({t) °
where
A
| ()=F~* *e* DQE* —* electrons$/SRE
Obj() Ael Q R (h*C)

is the objed's photocurrent per spedra resolution element (SRE). A SRE is defined as a 2x2
pixel region. F is the source strength in Janskys, A is the telescope mlleding areg ¢ is the total
efficiency of the system including telescope & instrument efficiency and taking into acount dit
losses; DQE is the detedive quantum efficiency of the detedor; and A/R is the size of a spedra
resolution element in microns.

The measurement noise is given by
N(t) = \/(I o (1) + Ly +N* T ) *t+0n* N7,

where

* * * * * A *

lgy (1) = B* Ay *€* DQE* Q R ("0

is the deteded sky badkground photocurrent per SRE. Here B is the sky badkground surface
brightnessin Janskys per square arcseG Q is the solid angle in square arcsec that makes up a
SRE:; n is the number of pixels composing a SRE; l4k(t) is the detedor dark current; and N,* is
the detedor read noise per pixel.

electrons$/SRE
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A total of k observations of time t were ambined for atotal exposuretimeof T, =k*t.

The resultant SNR was cdculated to be

For al modules, we assumed a total telescope + instrument efficiency to be 0.5 times the
respedive detedor quantum efficiency (Figure 12.1.1-2). The blazeprofiles of gratings were not

S S e px S
N o) = (D =k =)

included in these first order sensitivity caculations.

5-0, point sources engitivities were cdculated for Ti; = 10,000s, composed of several shorter
individual integration times. Individual exposure times were set to 100G over the 1-5um to be
sufficiently short enough to limit cosmic ray damage, and continually shorter towards longer

wavelengths to avoid overfilli ng the detecor full wells, down to 1s at 35um (R=5).

The results are shown in Figures 12.1.2-1 & 2 for imaging (R=5) and R=300Q Also plotted on
these graphs are the equivalent sensitivities for other ground and spaceobservatories covering our

proposed |1SIM wavelength range, 0.4-34um.
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1.E-01

nJy

Figure 121.2-1 R=5 (imaging) 5-c detedion limits for point source objeds in a 10000s
total integration. NGST will be the most sensitive observatory out to 4Qum.
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5g, 10,000s sensitivities
R = A/AN = 3000

1.E+03
1.E+02
> 1.E+01
?5- 1.E+00
1.E-01 <
1.E-02 Ly Ly Ly
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Wavelength (um)

~’
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Figure 12.1.2-2 R=3000 50 detedion limits for point source objeds in a 10000s total
integration. Over the scientifically important 1-5um region, the observatory is detedor
dark current limited for the values used in Table 12.1.1-2. Lowering the detedor dark
curr ent will yield greater sensitivitiesthan suggested here. Note dhange of scaleto pJy.

12.2 IFTS calculations

All of the spedrometers chosen for our ISIM concept are dispersive rather than multiplex or
Imaging Fourier Transform Spedrometers (IFTS). This choice exsures the highest possble signal-
to-noise for NGST spedroscopic observations. Dispersive spedrographs (DS) are dso cgpable of
exploiting the future improvements in both detedor read-noise and dark current.

This appendix summarizes the relationships and assumptions used in evaluating the performance
of anIFTSin 84.1.1-2.

12.2.1 Basic concepts

The principal difference between the dispersive and FTS spedroscopic methods is the way in
which wavelength information is coded. Dispersive spedroscopy codes wavelengths by position
along an array of detedors. Each detedor recaves only the radiation from the spedra element
that it isrecording. FTS spedroscopy codes wavelengths by frequency, either in time or in spatial
position of a moving mirror in an interferometer. Radiation from all of the spedral elements falls
on the two output detedors. For a given wavelength the input power is sinusoidally switched
between the two output detedors by the motion of the moving mirror. Wavelengths are decoded
at alater time by a Fourier transform of the signal. In both instruments al of the signal is observed
all of thetime. The dispersive spedrometer does it with many pixels, the IFTS with only two for a
point like objed.
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12.2.1.1 Dispersive spedroscopy

Signal-to-noise analysis for a dispersive spedrometer is smilar to that for photometry. A single
pixel integrates the dedrons produced by the source and badground photon flux in a single
spedral element for a given period of time. The pixel isthen read out with a given read-noise. The
total noise is the square root of the sum of the dedrons produced by the source, badground, and
the square of the read-noise. The equations used are the same & those summarized in 8121.2.

12.2.1.2 FTS Spedroscopy

Signal-to-noise ratio analysis for a FTS spedrometer is more complicated but still straight
forward. The spedrum is recvered from the output signal by performing a Fourier transform.
For signal-to-noise purposes the Fourier transform is best thought of as a series of cross
correlations of the output with sinusoids that correspond to the modulation frequency for eat
wavelength. Each spedral element is the result of the aoss correlation with its gedfic
modulation frequency. The output signal is produced by reading out the two pixels at equaly
spaced mirror positions. For S spedral elements the sampling theorem requires a minimum of 2S
output points. This resultsin 4S total readouts for the two pixels.

In this case eat product is between the gpropriate sinusoid and the output sample which
contains the detedor real-noise. If the read-noise is Ng, the square of the noise for the aoss
correlation is the sum of the squares of the individual reads, 4SNr>. The square roct of this is the
total read-noise for the aosscorrelation and applies to the single speciral element. The read-noise
per spedral element for a multiplex spedrometer is therefore (4S)"? higher than for a dispersive
spedrometer, where S is the number of spedral elements. If we take into acount the IFFS S
multiplex advantage, this noise suffices for spedra of S points, and hence the penalty is 42, For
our comparisons $iown in 84.1.1, we have aopted the former since we mmpare SNR at a
particular point in the objed’s gedrum.

A similar situation applies to the photon moise for FTS spedroscopy. Since photons from all of
the spedral elements fall on the two detedors the photon noise for any spedra element is equal
to the total noise from all of the spedral elements. If all S spedral elements contain the same
power there ae S more photons falling on the detedors with an increase |n the noise of (S)*?
The photon noise for eat IFTS spedral element is therefore increased by (S)Y? over the noise for
adispersive spedral element.

The remaining noise @ntributor is dark current in the detedors. Both methods of spedroscopy
are senditive to dark current in the same way. The only difference is that two detedors used in
multiplex spedroscopy doubles the cntribution of the dark current.

12.2.2 Sensitivity calculations

We cdculate the signal-to-noise of the IFTS similar to the sengitivity equations described in
8121.2. A spedral resolution element is defined to be one pixel for our cdculations. The signa
terms for the dispersive spedrometer and the IFTS, are

* * * ‘kA A
Ob](T) F* Ay ™ &ps DQE R (h*C) and
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respedively. The sky terms, 1 (T) and | ' 4,(T), are related in a smilar way, additionaly eah
being multiplied by Q, the solid angle seen by a pixel. The adua values used for the sky and
detedor quantum efficiency are from the NGST badkground model described in 8121.1. The
other terms, including detedor parameters and pixel scdes, are described in 8121.1-2.

The dficiency terms (€ps, €irrs) include instrument transmisson, grating efficiency, and slit losses.
The extraterm 1 in the IFTS equations is the modulation efficiency of the beam splitter. If the
transmisson and refledion of a beam splitter are not exadly equal, some photons which fal on
the detedor will not produce asignal. These photons do contribute to the photon noise, however.
For this reason the multiplex signal is multiplied by t but the photon noise cntribution is not. For
our cdculations, whose results are shown in 84.1, we have aumed that eps and €5 are eab
50%, and T is unity. T is often 90% for existing IFTSs.

The measurement noise is given by

N(T) = /(15 (T) +1 4 (T) +1,(T)* T+ N/, and

N'(T) = {/S* (I (T) + 1 (T)* T+ 2% 1, (T)* T +4* S* N/,

respedively. Here, for the IFTS, the badkground and objed are asumed to contribute egual
amounts of flux to ead spedra element, and thus increase the photon noise by a fador of S.
These should be replacel by integrating these signals over the spedral range.

The resultant signal-to-noise ratios are given for a total integration time, T, which in pradice
might be cmposed of several shorter exposures, with maximum exposure time t=3000s. We
treded the dispersive spedrograph in the same way asin 8121.2. For the IFTS, we replaced ead
T in the dove euations with T/(2S), the time per spedra element, because our ill ustrated
examples in 84.1.1-2 compare the SNR of the IFTS to a spedral element in the dispersive
spedrometer.

12.3 Micromirr or calculations

This appendix summarizes the cdculations used in evaluating performance giteria for a
micromirror array (MMA) based multi-objed spedrograph, the results of which are found in
84.3.1-2.

12.3.1 Regjedion of diffuse IR background sky

Micromirrors provide amethod of configurable multi-objed spedroscopy, in refledion. As with
any refledive spedrometer dit, some light will be scatered into the spedrograph by the structure
around an “ON” mirror, namely a field of “OFF’ micromirrors. These regions of adjacent sky
which, if scatered from mirors in their “OFF’ position, will contribute an additional unwanted
signal which will degrade the spedrometer’s sensitivity. Our smple model did not address the
source of the scatering, and is based on the asumption that the cdculated rejedion ratios for the
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mirrors are based for light which is séatered on axis, and hence ®uld be underestimating the
unwanted contamination. Thus, these results srve only as a figure of merit in ascertaining the
required performance of the MM A option.

The "OFF' mirrors ned to rejed the diffuse sky badground sufficiently over aregion of sky for
which sky spedra will overlap that of the objed. This is siown in Figure 12.3.1-1. If x is the
spedrum's length on the detedor (i.e., number of pixels, function of spedral resolution), the sky
badground's contributing region extends 2x in length. At eat wavelength, the alditiona
contribution of scatered sky light is the sum of all these overlapping dffuse sky spedra

That is,
Amax
Sscattered (AI) = E*J’A Ssky(Al)dA
sky

for all Amin < Ai < Amax.

The dficiency, €, is defined as the percentage refledion of the micromirrors in the "OFF" position
(e.g., 1006="ON", 0%=dlit where metal blocks the sky adjacet to the objed’s gedra in the
spedral diredion). Similarly, we can define arejedion ratio as the ratio of the dficiency of the
mirrors in the "ON" position to the "OFF' position. Thus, a scatering of 1% would have a
rejedion ratio of 0.01L

We ran senditivity cdculations (8121.2) to compare performance between a micromirror and a
conventional dlit fed spedrograph, the latter which is not affeded by off-target scatering. The
sensitivity model caculated the number of photons per spedral resolution element, adopted to be
2x2 pixels, for the contributions from 1) the objed itself, 2) the sky badkground, 3) detedor dark
current and 4) read noise ontributions, and in the MM A model, 5) an additional scatered sky
light component from adjacent MM A mirrorsin their "OFF' position.

A signal-to-noise measurement for a standard observation of total exposure time of Ty =
10,000s, composed of severa shorter individual exposure times. Individual exposure times were
set to 100G over the 1-5um to be sufficiently short enough to limit cosmic ray damage, and
continually shorter towards longer wavelengths to avoid overfilli ng the detedor full wells, down
to 1sat 35um (R=5).
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Center of furthest micromirror
whose sky spedra overlaps edge
of objed’s pedra

Off Sl

On

Anin A max /

l X ’

< |
2X

Objed spedraon detedor

Figure 12.3.1-1 Schematic of the “avoidance zone” for over-lapping sky spedra from sky
adjacent to target. At top is a row of a micromirror arr ays with a star positioned in the
center. Below is a projedion of the spedra o the objed and sky on the detedor, the latter
from both a mirror in the “ON” postion, and from adjacent mirrors in their “OFF”
positions. The mntaminating region on the detedor extends 2x pixels, where x isthe length
of the objed’s pedrum.

The model cdculated the target brightnesswhich would gve aSNR=10 with zero scatering (i.e.,
the dlit case). Introducing the scatered sky badkground would naturally degrade the instrument
sengitivity. We cdculated what the dficiency parameter would be to compute aSNR=9, or a 10%
performance from the zeo scatering case.

The ontribution from the scattered diffuse sky badkground is dependent on the filter bandpass
(Amin < A < Amax)- In pradice, the maximal spedral bandpass per one grism is st by its free
spedral range. For a grism in first order, it is maximal at one octave. Therefore, the bandpasses
chosen for the cdculations represented first order grism coverage.
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12.3.2 Regjedion of contaminating dbjeds

We dso investigated the aiteriafor rejeding bad<ground contaminating objeds in order to dbtain
suitable SNR spedra of faint targets. This was parameterized by running several Monte Carlo
smulations and cdculating the percentage of contaminated objed spedra by a random
distribution of badkground sources.

A badground sources gedrum contaminated our target objed if al the following criteria were
met:

1) it was locaed within the dlit width,
2) it was located within 2 * dlit length, and
3) its contributing flux was above a"threshold brightness"

This threshold brightnesstakes into aceunt the rejedion ratio of the micromirrors as well as the
percentage contribution of the sourcés brightness is contributed to the target's gpedrum. For
example, if we judge asource which fulfill s criteria 1) & 2) to be invalid if it contributes 10% or
more of its brightnesswith scatering 1% from the micromirrors, the faintest the source ca be is
brightness100if the target brightnessis 10.

In these cdculations, the dit width was defined to be four Airy disk FWHMSs, where one Airy disk
FWHM isA/D in size The dit length was cdculated from the dispersion, A/(2R), in um/pixel, and
abandpass Ama - Amin, 8S

slit length= M =2* R* A = Ain) pixels.
dispersion A

The examplesill ustrated in §4.3.2 were cdculated with Apin=1pum, Amax=5um, sampled at A=3um.

The number of sources distributed randomly in the smulation were cdculated from a normalized
power spedrum of the form,
N(>x)=C*x™*,

where N(>X) is the number of sources brighter than brightness x, an integrated form of the
number magnitude wunt distribution and, a is the negative of the index of this power law
integral. Values of a~ 0.5, agreewith the present day predictions used for deep galaxy counts for
NGST. The smulations were run for 1000Monte Carlo trials.

12.4 Further details of ISIM modules
This ®dion contains additiona information about the modules, not mentioned in §6.

The modularity of our ISIM concept allows for individualy smple and small modules. Figure

12.4-1 shows all our proposed modules on the same scde. For comparison, we show the
yardstick NIRCAM as well.
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Table 12.4-1 summarizes the first order opticd design parameters for the modules discussd in
86.

Table 12.4-2 lists posshble KRS-5 grism combinations for the modules.

Table 12.4-3 summarizes the model parameters used to addressthe formatting and coverage of
the edhellette modes for the Mid-IR and long-IR spedrographs (86.1.5-7).
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PE— NIR Module 1

MIR imager & spectrometer

 Yardstick NIRCAM 1 of 4

—
200,86 MILLIMETERS

Figure 12.4-1 Relative sizes of the modules in our ISIM, compared with the size of the
yardstick NIRCAM (1 of 4 modules), all on the same scale.
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Module Grism | Apaze R Bandpass | Prismangle | I/mm
No. | (um) (um) (degrees)
NIR Module 1 1 2 100 1.252.5 1.0 12
(6mm pupl) 2 2 1000 |1.2525 |101 123
3 1.6 3000 |1.252 282 413
4 2.2 3000 |2-25 282 301
NIRModue2& 3 |1 2 100 1.2-25 14 17
(20mm pugpil) 2 3.7 100 255 1.4 9
3 2 1000 | 12525 |14 165
4 3.7 1000 | 255 137 89
5 2 3000 | 1.252.25 |137 412
6 2.7 3000 |2.253.25 | 36.1 305
7 3.7 3000 |3.254.25 | 36.1 223
MIR im/spec 1 8 100 5-10 2.2 7
(15mm pugpi) 2 15 100 10-20 2.2 4
3 8 500 5-10 10.8 33
4 15 500 10-20 10.8 17
5 8 1000 |59 209 62
6 15 1000 | 9-16 20.9 33
7 22 1000 | 16-20 209 23
MIR edhellette 1 8 100 5-10 1.7 5
low resolution 2 15 100 10-20 17 3
modes 3 8 500 5-10 8.3 25
(38mm pupil ) 4 15 [500 |10-20 8.3 13
5 8 1000 |59 16.2 49
6 15 1000 | 9-16 16.2 26
7 22 1000 | 16-20 16.2 18
LIR im/spec 1 27 500 20-34 10.8 13
(40mm pupil) 2 23 1000 | 20-27 28.3 29
3 30 1000 | 27-34 28.3 22
LIR echellette 1 27 500 20-34 8.3 7
low resolution 2 23 1000 | 20-27 16.2 17
modes 3 30 1000 | 27-34 16.2 13
(38mm pupil)

Table 12.4-2 Spedral coverage versus resolution for the modules. The grism parameters

asume KRS-5 material and designed for first order.
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125 Infrared grisms

All of our designs for the spedroscopic modes in our ISIM concept rely on grisms. The most
attradive aped of using grisms as the dispersing element is that they can be placel in a filter
whed without deviating the desired central wavelength and can thus be treded like afilter. It
allows a smple mnversion between an imager and spedrograph with only a filter whed. The
largest drawbadk for a grism aternative over a grating, is their lowered dispersion, by a fador of
(n-1)/2 as compared to a grating with identicd groove parameters when n is the refradive index
of the grism substrate.

This dion addresses ome of the design parameters used for designing grism spedrometers,
with particular emphasis on materials to be used to adhieve high dispersion in the nea and mid
infrared. The grism choices feaured in our strawvman 1SIM (86.1, 8124) are based on what can
presently be made, but these should evolve to pacefuture development. Continued work on the
manufacdture of high quality IR grisms will be required for NGST.

The spedroscopic properties of grisms are derived from geometric optics (Beders, et a. 1987).
It can be shown that the resolution of a grism (normal incidence matching two pixels to dlit
width) blazed for a particular wavelength A is proportional to (n-1), where n is the index of
refradion of the grism material, to the tangent of the prism angle, and to the diameter of the
collimated beam incident on the grism,

D _
R="A ~ tan@)* (-0 1= = tang)* (n-1)* 22
A (2*d,) A
Similarly, ruling requirements (i.e., a, the spaang between faces) for the grism can be cdculated,
being proportional to (n-1) and the sine of the prism angle, at a given wavelength for a grating
order m,

1_,  ..,.Sin@)
5—(n & m+A

Line dengities a > 30d/mm are pradicd with a variety of different materials and technologies.

Conventional opticd grisms be manufadured in two ways: replicated or diredly ruled. For the
former, a master grating is pressed into a transparent resin which has been deposited onto the
hypotenuse of a prism. For the latter, a grating is diredly ruled into the hypotenuse of a prism.
Resin grisms work well out to 2.5um, beyond which the resins absorb strongly and can no longer
be used. At these longer wavelengths, a diredly ruled grism is the only current manufacturing
solution. Hybrid grisms, ones which have agrating manufadured into a different opticd material
(e.g., ruled resin on glasy, are possble, but care is neaded to choose materials to prevent large
refledion losses at the interfacesurface ad interna refledion.
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Two techniques for ruling long wavelength (A>2.5um) grisms are under development: 1) solid
state micro-madhining/anisotropic eching into germanium or silicon and, 2) dired ruling into
materials such as CaF,, ZnSe, and KRS-5 (Rayner, 1998 Kaufl et al. 1998.

Dired ruling under oil of KRS-5 (n~2.4 at 2um) has proved to be asuccesgul way of producing
moderately efficient (>50%) grisms with low scatering. Experiments with ZnSe (n~ 2.4 at 2um)
have led to cradking of the material when it is diamond madhined, causing a lot of scatered light.
CaF; rules well and succesgul CaF, grisms have been produced which are arrently being used in
the NICMOS instrument on HST. However, the low refradive index of CaF, (n~1.4 at 2um)
results in relatively low spedral resolutions.

12.5.1 Moderate resolution grisms

All dispersions in the nea-IR modules and the aossdispersion in the mid-IR modules are done
with first order grisms which avoid large prism angles and excessvely high ruling densities
(Tables 12.4-2 and 124-3). Grisms of smilar design have been demonstrated to perform well
over a number of yeas in various ground-based instruments at the IRTF (Rayner et a. 1998 and
are dso being used at other observatories. Thus we exped that this existing technology will
perform well for NGST.

12.5.2 High resolution issies

The spedral resolution of a grism spedrometer can be increased by increasing the llimated
pupl size For a ayogenic instrument, the pupl size (cold stop) drives the size and weight, and
hence, complexity of the instrument. In pradice this number cannot be increased easly in a
design. Thus to adchieve higher spedral resolutions, materials of high index of refradion must be
used. Figures 125.2.1-2 summarize the infrared transmissons and indices of refradion for a
seleded list of high refradive index materials, taken from the Handbook of IR optical materials.

The spedral resolution can also be increased, by increasing the prism angle. However, it has been
shown in pradice that it is desirable to ke the prism angle a<6(° to avoid complicaed
optimizetion of the grism (Ké&ufl et al. 1998. At such steg angles the @ove gproximating
equations for relating resolutions and line densities to the central wavelength no longer hold, and
spedrographs may suffer anamorphic efeds and lateral displacement of the pupl (Neviere 1997,
Ké&ufl et al. 1998. High ruling densities (a > 300lines mm') increase polarizaion, and the grism
efficiencies of different polarizaions can differ substantially in grisms with large prism angles.

The lad of transmisgve materials for wavelengths longer than 28um creaes limited choices for
grism meterials for the ISIM long wavelength module (86.1.7). Only KRS-5 has been found to
show acceptable transmisgon at these wavelengths. This restricts the maximum adiievable
spedral resolution mode to about R=300Q with a 58.8°, 43 I/mm grism, for a pupl diameter of
40mm for an edhelle-type grism operated in order m=11 at a central blazewavelength of 24 um
(for operation over 16.8 < A < 33.6 um).
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Figure 12.5.2-1 Transmisgon of several high refractive index materials. The best material

for high index grism choices for A>2.5um will be among KRS-5 (solid triangle),

square) and Ge (solid diamond). (Klocek 1991, Handbook of IR optical materials)
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Figure 12.5.2-2 Indices of refraction at 60K for seleded list of high refractive list materials.
Entries without speafied temperature were measured at 25°C. Most materials refractive
indices will tend to deaease with deaeasing temperature, with the exception of KRS-5.
(Klocek 1991, Handbook of IR optical materials)

Similar stegr-angled edhelle-type grisms have been used succesdully in both opticd (Dekker et al.
1998 and mid-IR (Ké&ufl et al. 1998 astronomicd spedrographic caneras. Any reduction in
grism efficiency resulting from a large prism angle (caused by shifting the blaze peak away from
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the cettral undeviated wavelength) can be largely restored by either tilting the grism dlightly
(Dekker et a. 1998 or else modeling these dfeds in the grism design (Neviere 1991). Grisms
generally do scater more light when used in higher orders, but we do not anticipate that this will
be aproblem with our edhelle-type designs because they require such low groove densities (a ~
10 lines mm™) and KRS-5 has proven itself as a low-scater grism meterial (Rayner 1999. Thus
we seeno serious problems with manufaduring or adhieving good performance from our echelle
grism designs.

The long wavelength response for silicon (n~3.4) might increase the adievable resolution in the
LW module to R~500Q with a 57.4°, 77 I/mm grism for the same &ove pupl size A number of
groups have demonstrated basic steps toward silicon grisms by means of anisotropic eching
tedhniques, athough they have not yet been manufadured routinely (Kaufl et al. 1998. If they
can be manufadured, these sili con grisms will require anti-reflecion coatings, because with such a
high refradive index material, the Fresnel reflecion losses amount to ~30%.

12.6 Details of cost model components

Table 12.6-1 details the work breakdown structure dements used in evaluating the @st for our
ISIM concept. The summaries of the final cost, arranged by module and by functional area ae
givenin 89.

WBS Element Cost ($M Definition
FY96)
1.0 ISIM Program Management 2.622 Program management, cost / schedule tracking, contract
control
2.0 1SIM Systems Engineeaing 11739 Resourceall ocations, interface definitions,
3.0 1SIM Structure and Thermal 5.054 ISIM Common structures, mechanisms, radiators, blankets
4.0 ISIM Power Distribution and 0.756 ISIM power harnesses and power distribution devices
Harness
5.0 Wide Field Science Instrument 125392
5.1 Program Management 2.622 Program management
5.2 WF NIR Modue 59.435
5.2.1 Development Engineeaing 12.699 Devel opment engineaing, design and analysis
5221&T 7.604Integration and test (cali bration) of NIR WF Module
5.2.3 Detedors 38.022Detedor hardware @sts
5.2.4 Optics 0.000/Not Applicable
5.2.5 Medchanisms and Structure 1.110|Structure, mechanism, and thermal interface hardware wsts
5.3 Visble Wide Field Imager 59.435
5.3.1 Development Engineeaing 12.699 Devel opment engineeaing, design and analysis
5321&T 7.604]Integration and test (calibration) of VIS Wide Field Module
5.3.3 Detedors 38.022Detedor hardware @sts
5.3.4 Optics 0.000/Not Applicable
5.3.5 Medhanisms and Structure 1.110|Structure, mechanism, and thermal interface hardware wsts
5.4 WF Processor 1.500 Hardware wstsfor a procesor for the wide field cameras
5.5 WF VIS/NIR Software 2.400 Software devel opment costs for wide field cameras
6.0 NIR/VIS SienceInstrument 67.860
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6.1 Program Management 2.622 Program management for presumed U.S. delivered NIR S|

6.2 Visble Imager Module 19994

6.2.1 Development Engineeing 3.396/Devel opment engineaing, design and analysis

6.221&T 1.017|Integration and test (cali bration) of VIS Module

6.2.3 Detedors 11.725Detedor hardware @sts

6.2.4 Optics 2.746/Optics hardware @sts

6.2.5 Medchanisms and Structure 1.110|Structure, mechanism, and thermal interface hardware wsts

6.3 NIR Module 1 10.327

6.3.1 Development Engineeaing 3.296/Devel opment engineaing, design and analysis

6.3.21&T 0.987|Integration and test (calibration) of NIR Module 1

6.3.3 Detedors 3.292|Detedor hardware @sts

6.3.4 Optics 1.642Optics hardware wsts

6.3.5 Medhanisms and Structure 1.110|Structure, mechanism, and thermal interface hardware wsts

6.4 NIR Module 2 11487

6.4.1 Development Engineeaing 3.711Development engineeaing, design and analysis

6.4.21&T 1.111Integration and test (cali bration) of NIR Module 2

6.4.3 Detedors 3.292|Detedor hardware @sts

6.4.4 Optics 2.263Optics hardware @sts

6.4.5 Mechanisms and Structure 1.110|Structure, mechanism, and thermal interface hardware wsts

6.5 NIR Module 3 13.330

6.5.1 Development Engineeing 4.370|Development engineaing, design and analysis

6.5.21&T 1.308 Integration and test (cali bration) of NIR Module 2

6.5.3 Detedors 3.250 Detedor hardware @sts

6.5.4 Optics 3.292/Optics hardware @sts

6.5.5 Medhanisms and Structure 1.110|Structure, mechanism, and thermal interface hardware wsts

6.6 NIR/MIR/LIR Processor 1.500 Hardware sts for a procesor shared between NIR and
MIR/LW Sis(US Sis)

6.7 NIR/MIR/LIR Software 8.600 Software devel opment costs for NIR/MIR/LW software

7.0 MIR/ LIR Science Instrument 44574

7.1 Program Management 2.622 Program management for presumed U.S. delivered NIR S|

7.2 MIR Imager/Spedrometer 9.872

7.2.1 Development Engineeaing 3.133Devel opment engineaing, design and analysis

7221&T 0.938Integration  and  test (calibration) of MIR
I mager/Spedrometer

7.2.3 Detedors 2.189 Detedor hardware @sts

7.2.4 Optics 2.502/Optics hardware @sts

7.2.5 Medchanisms and Structure 1.110|Structure, mechanism, and thermal interface hardware wsts

7.3 MIR Spedrometer 13.960

7.3.1 Development Engineeaing 4.595/Development engineaing, design and analysis

7.321&T 1.376 Integration and test (calibration) of MIR Spedrometer

7.3.3 Detedors 2.189 Detedor hardware @sts

7.3.4 Optics 4.690|Optics hardware @sts

7.3.5 Medhanisms and Structure 1.110|Structure, mechanism, and thermal interface hardware wsts

7.4 LIR Imager 10.120

7.4.1 Development Engineeaing 3.222/Devel opment engineaing, design and analysis

7421&T 0.965|Integration and test (cali bration) of LW Imager

7.4.3 Detedors 1.775/Detedor hardware @sts

7.4.4 Optics 3.048Optics hardware @sts
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7.4.5 Medhanisms and Structure

1.110

Structure, mechanism, and thermal interface hardware @sts

7.5 Cryo-Coder

8.000

Hardware wsts for cryo-coder system used for MIR and
LW modules

8.0ISIM I&T 11455 Integration and alignment, test and calibration of Sis into
ISIM

Functional Areas

1.0 Management 10.488

2.0 Science/ Development Enginegring| 51.121

3.0 Systems 11739

4.0 SR&QA/I&T 34.365

5.0 Structure 10531

6.0 Optics 20.183

7.0 Eledronics 3.756

8.0 Operations

9.0 Thermal 4513

10.0 Software 11.000

11.0 Detedors 103756

12.0 Cryo-coder 8.000

ISIM Elements

ISIM Integrator 31626

VIS 3 85.951

NIR SI 107.301

MIR/LW S| 44574

Table 12.6-1 Details of componentsfor ISIM cost breakdown structure.
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